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ABSTRACT 


Impedance measurements are carried out on 1 75, 2 5, 4,5, 8, 9, and 11 mole% 
Gd203 — Zr02 samples prepared via coprecipitation route The Cole- Cole plot comprises 
of two semi circles, one due to grain (high frequency) and the other due to grain 
boundary (low frequency) conduction and an arc due to electrode effect The DC 
conductivity for grain is seen to be maximum at all temperatures for 4 mole% Gd203 and 
does not change much for rest of the composition. At around 585K, the value of DC 
conductivity for grain boundary is around 0.6x1 O'* (Q cm)'^ for all the compositions from 
2.5 mole% to 9 mole%; however is significantly higher at 1.5x10’* (Q cm)'^ for 11 
mole% Gd203.The activation enthalpy for conduction in grain varies between 0.58 to 
1.01 eV, as the composition varies from 1.75 to 8 mole%. Similar trend is seen for 
activation enthalpy for grain boundary conduction. The activation enthalpy for grain 
conduction is quite low at 9 mole% and 1 1 mole% Gd203 indicating that there is no 
significant association of vacancy clusters. The values of migration enthalpies are nearly 
equal to activation enthalpies for grain conduction. This result also supports that 
association of vacancies is not significant. The activation enthalpy calculated from the 
modulus is nearly in agreement with that obtained from the Cole-Cole plot. A single peak 
is seati for all the compositions except for 1.75 and 9 mole% Gd203 compositions in the 
modulus plot of M” vs log (frequency) indicating a single relaxation mechanism. The 
carrier concentration is calculated at 603K. It is of the order of 1 O^V cm'^. The Jonscher’s 
constant is calculated by AC curve fitting & depression angle method and is found to 
vary between 0.8-1. The difference in the values indicates that the Cole-Cole plot is not 
exactly a semicircle. Both the ac conductivity vs log (frequency) and permittivity vs log 



(frequency) show a disj)ersion step at the grain boundary relaxation frequency. From the 
dielectric loss vs log (frequency) plots, the dielectric loss peak is seen to decrease with 
increasing Gd 203 content. Zirconia gadolinia thin films are prepared in the laboratory for 
studying the conductivity, but the film shows a shorting between top and bottom 
electrodes and could not be used fro impedance measurements 
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» tKTUOPUCTiOK 


1.1 CONDUCTION IN IONIC SOLIDS 

When an electric field is applied to an ionic solid an electric current is 
produced. The ionic solids have a large band gap and only a few electrons are excited 
even at high temperatures. So, the charge carriers in these materials are the anions or / and 
cations. The movement of these ions i.e. ionic transport occurs due to the presence of 
defects or disorder. These are mainly of two types 

i) Point Defect Type: In this type, the transpcat is by Frenkel and Sdiottky defect pairs, which are thermally 
genarated. The activaticm energy is gaierally high (~leV or more). 

I>epending (»i the detect concentratioa density, this type of defects can be further subdivided as 
a) Wlute: Ckmventional ionic solids with number of mobile defects lO'Vcan'^ or less. Example: AgCl, 
p-AgI,Naa,KCletc. 

Concentrated: The defect concentration is 10“/an‘^ or less. Example: Stabilized 
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ZrOj, HfOi, CaF2 etc. 


(ii) Molten Sublattice Type: In this type of solids, the number of ions of particular 
type is less than the number of sites available for them in the sublattice So, as a result 
all these ions can hop and move like a free ion. Since all these ions are available for 
transport, the activation energy is low. Generally the number of mobile ionic charge 
carriers is lO^Vcm'^. 

Depending on the magnitude of conductivity at moderate temperature, the ionic 
solids can be further subdivided into three groups. 

i) Poor/ Normal Ionic Conductors: The conventional ionic solids having an ionic 
conductivity < 10'^(Qcm)'‘ fall in this group. The charge transport is mainly 
through thermally generated Frenkel / Schottky defect. Example: AgCl, AgBr, 
P-AgI etc. 

ii) Moderate Ionic Conductors: The range of conductivity for these ionic solids is 
from lO"® to < 10*^ (Ocm)'\ Examples: CaF2, PbF2, CaO, Zr02. 

Hi) Fast Ionic Conductors: In this case aH the ions in a sublattice are available for 
movement and conductivity is > 10’^ (Qcm)‘*. Examples: a-AgI, RbAg43, 
Li2S04. 

Depending on the conducting ion, the ionic solids are classified in two groups: 

(i) Cationic Conductors: 

a. Lr and Na^ ion conductors e.g. Lil, Li2S04, Na-PAl203, Na3P04. 

b. Cu^ and Ag^ ion conductors e.g. a-AgI, RbAg4l5, a-CuI 

c. Proton (iT) Conductors e.g. HjO, ^Al203 

(ii) Anionic Conductors: Oxide ion conductors e.g. doped ZrOa, doped Ce02 

2 



1.1.1 OXIDE ION CONDUCTORS 


Both cations and anions can move in the solid lattice. The common ions 
showing high mobility are Lf, Na^, K"", Ag"", Cu"', F and O"'. Of these F and O^' show 
high conductivity only at high temperature. The first solid oxide electrolyte was probably 
15 Y 2 O 3 -Z 1 O 2 ceramic, used by Nemst (1899) as an incandescent lighting material. Later 
Baur and Preis (1937) used this material for a fuel ceU. Wagner (1943) proposed a 
definite conductivity mechanism in tenns of oxygen vacancies, which was later, verified 
by Hund (1952). AJfter Kiukola and Wagner (1957a, 1957b) proposed their use in high 
temperature thermodynamic measurements and fuel cells, there was a sudden surge of 
interest in these material. 

Most of the oxygen ion conductors generally conduct at higher temperature 
(~1000‘’C) and their conductivity is of mixed nature (ionic + electronic + electron-hole). 
Other than temperature, their conductivity also depends on doping by aliovalent dopants 
(Ca^^, Sr^^ etc in ZrOi, HfD 2 , Ce02 etc). These dopants control the number of point 
defects and their mobility. Another unique property of these oxygen ion conductors is the 
dependence of conductivity on the ambient pressure. If the ambient oxygen pressure is 
low, the oxygen ions (Oo) would leave the solid electrolyte according to the following 
mechanism 

20 o<» 02 (g) + 2Vo +4e 

At high ambient oxygen pressure the defect equilibrium can be expressed as 

‘/2 02 (g) O0i” + 2h- 

So, at low oxygen pressure and also at high temperature conduction is of electronic nature 
(n-type) and at high oxygen pressure the conductivity is predominantly hole conductivity 


3 



(p-type). In the intermediate pressure range, the conductivity is mostly ionic in nature and 
practically independent of the oxygen pressure Fig.(l.l).^*^ 



Fig.1.1 Schematic representation of the dependence of condnctivity of any oxide ion 
electrolyte on oxygen partial pressure at three temperatures 

Most of the oxide electrolytes developed so fer are based on ThOj, Ce02, ZrOa and HTOi. 
The common feature, which sustains oxygen ion conduction, is the fluorite structure. In ; 

this structure the metal ions are dispersed in the body comers and face centers i.e. total 
four cations are there. All the eight tetrahedral voids are filled up by oxygen ions I 

Fig.(1.2). The stmcture is quite open and the dopant concentration range over which the | 

fluorite stmcture is retained is tabulated for ZrOa (Tablel . 1). [ 


[ 
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Fig.1.2 The fluorite crystal structure *** 


Table 1.1 Fluorite phase boundaries in doped ZrOz sofid sohrtions 


Oxide solid solution 

Boundaries (dopant mol%) 

Temperature (°C) 

ZrOs. CaO 

14 and 20 

1500 

; NdjOj 

15 and 40 

1300 

: SmjOs 

10 and 50 

1000 

: EuaOj 

10 and 55 

1300 

; Gd203 

9 and 50 

1000 

:Dy 203 

5 and 41 

1600 

: H02O3 

4 and 56 

1300 

: Yb 203 

7 and 46 

1000 

: Y2O3 

10 and 36 

1000 

; Ce02 

50 and 100 

1500 


It is seen that as the concentration of dopant changes, the lattice pauanseter also changes. 
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Lattice parameters for ZrOa for different dopants are tabulated below (Table 1 .2) 


Tablel-2: Lattice parameters of Zr 02 with different dopants 


Material 

Lattice Parameter (A°) 

Zr 02 : 10%CaO 

5.118 

: lOToNdaOs 

5.183 

: 10 % SmjOs 

5.172 

: 10 % GdjOs 

5.162 

; 10 % SC 2 O 3 

5.089 


Stabilized Zirconia received wide attention as solid electrolytes, electrodes in 
fuel cells, oxygen sensors etc. It behaves as a mixed conductor depending on the crystal 
structure. Electronic conduction dominates in the monoclinic phase, while tetragonal form 
shows mixed ionic and electronic conduction. The cubic zirconia exhibits predominant 
ionic conduction. 

1.2 ZIRCONIA CERAMICS 

Zirconia ceramics is an important class of ionic conductors. Pure zirconia exists in 
three dififerent crystal structures i.e. cubic, tetragonal and monoclinic. The transformation 
to various phases occurs as follows: 

1170°C 2370°C 2680"C 

Monoclinic (m) ◄ ► Tetragonal (t) ► Cubic (c) -4 ► Liquid (1) 
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At higher temperatures an orthogonal form also exists. The t-^m conversion is 
accompanied by 4 to 6 % volume increase and 1 to 2 % shear strain. Due to this 
disruptive effect it is difficult to fabricate pure zirconia bodies. Hence aliovalent oxides 
such as CaO, MgO, Y2O3 and GdjOa etc. are added to ZrOj to stabilize the fluorite type 
cubic phase at room temperature. In folly stabilized zirconia (FSZ) with a lower content 
of the stabilizer a two phase material containing cubic and tetragonal (or monoclinic) 
phases termed as partially stabilized zirconia (PSZ) is obtained. 

When ZrOs is doped with oxides of elements of lower valeice, the lower vaknce 
elements occupy the Zr"*”^ sites and for charge compensation vacancies are introduced at 
oxygen lattice sites. A typical trivalent ion substitution reaction with ZjQz is 

(l-x)Zt02+x/2A203 ► AxZrux02.x/2 + x/2 V”o 


where x is the mol% of A2O3, A being the dopant ion Depending on the substituent, 
Zr02 ceramics exhibit significant oxygen ion conductivity at elevated temperature. This 
factor along with good thermo mechanical properties of Zr02 alloys has resulted in their 
wide use as electrolyte material in high temperature solid oxide fod cdls (SOFC), ox^en 
sensors and in electrical heating elements in oxidizing atmosphere. Most fi’equOTtly used 
materials for these applications are CaO, Y2O3 stabilized ZrCh 

The elastic energy associated with dopant cafitm mismatch is an important 
parameter in determining the ionic conductivity. The maximum conductivity is related to 
the minimum diffa-ence in the ionic radii between the Zr*^ and the dopant iom The 
variation of conductivity with dopant follows rou^ily the sequence; 

Yb203 > Gd203 > Y2O3 > CaO > MgO The azes of the various ions are; 
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Dopant Ion 


Radius of Ion rmn) 


Ca^‘ 

Mg'" 

Zr"" 


0.086 

0.097 

0.099 

0.066 

0.079 

0.092 


Y2O3 is the most commonly employed dopant in ZrCh used for ionic conductivity 
related applications. The use of YbiOs and GdzOj has not been practiced so far due to the 
diflBculty in prqjaration of the doped ceramics. Bhattachaiya and Agrawal have recently 
reported the preparation of Zr02-Gd203 ceramics Gd203 appears to be an attractive 
dopant due to higher conductivity expected in Zr02- Gd203 ceramics. Addition of Gd203 
in amounts more than 10 % forms a large cubic phase region with ZrOx At a higher 
mole% of Gd203, a pyrochlore phase is reported 

Generally, it is seen that increase in the dopant level, conductivity of the 
Zr02 ceramics increases due to the formation of oxygen vacancy defects. It becomes 
maximum at a dopant concentration where folly stabilized highly defective fluorite 
structure is obtained. Beyond that there is a decrease in conductivity due to defect 
association and micro domain ordering 

For a wide range of Zr02 ceramics there is a strong correlation between electrical 
properties, phase content, and microstructure. Of the three phases, the t and c phases have 
agnificantly greater conductivity than m phase. In the polycrystalline material, oxygen 
ion conduction across grain boundaries is influenced by the presrace of the second phase 
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especially if it is glass. Solute segregation and presence of the thin siliceous film at the 
grain boundaries lead to the blocking nature of grain boundaries in ZrOj. 

1.3 IMPEDANCE SPECTROSCOPY TECHNIQUE 

In a typical polyciystailine stabilized Zr02, both the grain and the grain boundary 
resistance add up to give the total resistance. Baurie was the first to apply impedance 
spectroscopy technique to ZrO^ to separate the grain and grain boundary contributions. 
The information extracted, by using this technique can be related to the grain interior 
microstructure and presence of resistive grain boundary film.s (if any), which can affect 
high temperature applications. 

1.3.1 IMPEDANCE SPECTROSCOPY: THE TECHNIQUE 

Impedance Spectroscopy (IS) is a well-known method to study the electrical 
properties of materials and their interfaces with electronically conducting electrodes. The 
parameters derived fix>m an IS spectrum fall generally into two categories 

a. Those pertinent only to the material itself such as conductivity, dielectric constant, 
mobility of charges, equilibrium concentration of charged species etc. 

b. Those pertinent only to an electrode material interface such as adsorption reaction 
rates, constants and capacitance of the electrode itself. 

The standard method is to measure the impedance directly in a fi-equency domain by 
applying a small voltage to the interface and measuring the phase shift 0 and 
amplitude |Z| of the impedance. The data obtained is analyzed in a conqrlex 
impedance plane known as Cole-Cole plot (ZsinO vs Zcos9). By this method 
contribution fi'om different processes can be separated out. 
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1.3.2 COMPLEX IMPEDANCE PLANE ANALYSIS 

The five firequency dependent properties that can be represented in a complex 
plane are 

Complex Impedance (Z*) Complex Admittance (Y*) 

Complex Permittivity (E*) Complex Modulus (M*) 

Dielectric Constant (x) 

They are related as 

s* = e’-js” (1.1) 

X =sVso=x’-X” (1.2) 

Z*=Z’-Z”=l/jcDCoE* (1.3) 

Y* = l/Z* = Y’+jY”=jct)CoS* (1.4) 

M* = l/8* = M’+jM”=j©CoZ* (1.5) 

where m = angular firequency and Co = capacitance of the cell in vacuum 

An AC sinusoidal signal v(t) =VMsm(o)t), involving a single fi'equency f =0)/27t, is 
applied to a cell. The steady state current [ I(t) = lMsin(wt + 0) ] is measured.Here 8 is the 
phase difference between the voltage and the current. Then one can write 
Complex Impedance Z*((d) = v(t) / i(t) 

Magnitude, Z(cd) = Vm/ Im (®) and phase angle = 0(g)) 

Resistivity for ionic conduction in solids can be represented in terms of equivalent 
RC circuit, such that complex inqjedance (Z*) at an applied firequency (o) can be written 
as 


Z*=ZR+jZ, (1.6) 
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where Zr = real part of the complex in^dance 

Zi = imaginary part of the conq)lex impedance 
Zr(Z’) and Zi (Z”) can be represented 

Zr = |Z|cos0, Zi = |Z|sine (1 .7) 

\Z\ = (Zr^ + Zi^)’^ and tanG = Zr/Zi (1 .8) 

Some of the simple RC circuits are represented in terms of con^lex impedance and 
admittance plots. 

/■ Pure Resistor R 

For only a resistor impedance can be written as 

Z* = R (1.9) 

.-. Z’=RandZ” = 0 (1.10) 

Here the impedance is frequency independent as shown in Fig. 1.3 (a and b). 

11. Pure Capacitor C 
For a pure Capacitor ' 

Z*=l/j(oC (1.11) 

= -j/(DC (1.12) 

.-. Z’ = 0andZ” = -l/o)C (1.13) 

The plot is a straight line along Z” axis as shown in Fig. 1 .4 (a and b) 

HI. Series combination of R and C 

When R and C are in series, then from equation 1.10 and 1 . 1 3 we get 

Z* = R+l/j<DC (1.14) 

= R+j(-l/{i)C) 
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Z’=R,andZ”=-l/o)C (1.15) 

This combination leads to a straight line parallel to Z’ axis as shown in Figl .5. 
TV. Parallel Combination of R and C 

When R and C are in series then jfrom equation 1.10 and 1 . 1 3 we get 

Z* = (R/j(DC)/(R+l/j(DC) (1.16) 

= R(-j/cDC)/(R-j/ooC) (1.17) 

= R(R+j/fflC)(-j/fflC) (1.18) 

or Z* = [R/(H-®^C^R^)] + j[-(»CR^/(l + co^C^R^)] (1.19) 

Thus the real and imaginary parts can be given as 

Z’ = R/(l+o)^C^R^) (1.20) 

Z” = -(jC)CR^/(l + (D^C^R^) (1 .21) 

Eliminating co from both the equations, we get 

Z’^ + Z”^ = RZ’ (1.22) 

(Z’ - R/2)^ + Z”^ = (R/2)^ (1 .23) 

which is the equation of a circle with center at (R/2,0) and radius R/2 (Fig. 1 .6). 


A 

Zi 


-AAAAr 

Z=R+j(0) 




Fig. 1.3 (a) Impedance plot for pure Fig. 1.3 (b) Admittance plot for pure 
resistive circuit resistive circuit 
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Fig. 1.5 Impedance plot for a resistor and Fig, 1.6 Impcdaiice plot for a resistor and 

capacitor in series capacitor in paraQel 



Fig. 1,8 Impedance plot for a sample 

Fig. 1.7 Impedance plot for a sample ^ blocldiig electrodes (real case> 

with blocking electrodes (ideal case) ^ ' 


13 



Plot (1.7) and (1.8) are for ionic conductivity of the sample and due to the blocking 
electrode Blocking electrodes are the polarizable electrodes, which form a blocking 
interface between electrode and solid electrolyte and inhibit charge transfer across the 
interface within certain limits of voltage. This generally happens when the electrode 
metal (e.g. Pt/C) is in contact with the electrolyte (e.g. RbAg+Is). Then silver electrode 
will be non-blocking. For blocking electrodes a double layer is formed which resists 
charge transfer. Curve in Fig. (1.7) is seen in ideal case when we get a line 90“ to x-axis 
i.e. when the electrode surface is very smooth (at low frequencies). At higher frequencies, 
there is contribution due to electrolyte. In case of surfece roughness and other factors, the 
line due to electrode polarization gets inclined to x- axis in Fig (1 .8) at low frequencies. 

In case of non-blocking electrode, there is charge transfer due to anodic 
polarization. Ag electrode in contact with RbAg 4 l 5 is such a case. Charge transfer occurs 
but there is also an additional charge transfer resistance. So, in the equivalent circuit 
charge transfer resistance Ret is in parallel with the double layer capacitance Cdi- The plot 
will yield two semicircles, one at high frequency due to the electrolyte and the other at 
low frequency due to electrode effect (Fig. 1.9). 



Fig. 1.9 Impedance plot for a sample with non-blocking electrodes (ideal case) 



From these curves, the intercept of the full semicircle with the x-axis 
gives the resistance values. From the peak frequencies Op, we get the capacitance value as 
(Op = 1/RC. 

In real cases for polycrystalline sample, we generally get depressed 
semi-circles. By finding out their diameter we get an idea about their DC resistivity. Li 
these solids there is ionic conduction due to both grain and grain boundary effects. So, 
there are two semicircles with plus an arc due to dectrode effect. The typical plot is 
shown in Fig. 1.10. 



Fig. 1.10 Impedance plot for real poiycrystailine samples 



1.4 ANALYSIS OF THE IS DATA WITH REFERENCE TO 
ZIRCONIA CERAMICS 

A typical measurement is made by applying a small sinusoidal voltage to the 
electroded sample. Phase shift (0) and amplitude of the impedance (Zo) are measured 
directly from the analyzer. If the applied voltage is U = Uoe'“*, the current passing in the 
cell would be I = lo the impedance is given by the formula 

Z = U/I = UoC % = Zo e"® = Zo(cos0 + sm0) 

Where 0 = phase shift and o = angular frequency = 27cf, f being the frequency at winch 
measurement is done. 

Zosin0 is plotted against ZoCOS0 in the Cole-Cole plot cn- in the complex 
impedance plane. Generally the complex impedance plots of the pcdycrystallLne solid 
electrolytes show 3 characteristic semicircles (Fig. The high frequency 

semicircle is mainly due to the mtra-grain conductivity while the mtennediale frequency 
semicircle is due to the gram boundary conductivity. The low frequency axe is due to the 
electrode-sample interface. The diameter of the semicircle corresponds to the 
corresponding resistance. The resistance measured by the first real imercept and the 
conductivity calculated from it is usually called intra-grain resistance and conductivity 
respectively. The resistance measured using the second intercept and the conductivity 
from it is usually called the grain boundary resistance and conductiviiy respectively, 
which include the blocking effect. 
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Fig. 1.11 Impedance plot for a sintered zirconia sample at 
fcm temperature 

A careful observation of the recent results has indicated the presence of two 
semicircles due to the electrode contribution. The complex impedance plot for a 
polycrystalline material in this situation can be schematically represented as shown in 
Figl.l2. 


17 



z 



Fig.1.12. Impedance diagram of a sintered zirconia pdDet where Trj„ tow^fitMiuency 
semicircle resistance; rrjb, high frequency semicircle resistance 

1.4.1 CONDUCTIVITY AND ACTIVATION ENTHALPY 

The analysis of the impedance data is carried out by assuming that an equivalent 
parallel R-C circuit can represent the ionic conductor. As discussed earlier, for an ideal R- 
C circuit, the real and imaginary parts of the impedance generate a semicircle. 
diameter of the semicircle is equal to R: and C is obtained from cOp = 1/RC, where is 
the peak frequency i.e. the frequency for which Zsin0 is maximum. The DC conductivity 
of the ionic materials is derived by considering the diffusion of charge carriers in an 
electric field as 

aDc = (yJdVNc&)/kT (1.24) 

where y = geometrical fiictor which is dependent on the crystal structure 
Jd = jump distance related to lattice parameter 
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q = charge on the charge carrier 
Nc = free charge carrier concentration 
and = vacancy hopping rate 
The charge carrier concentration is given by 

Nc = Noexp(AGa/kT) (1-25) 

= Noexp(AS,/k)exp(-AH*/kT) ( 1 .26) 

= total vacancy concentration 

AGa, ASa, AHa aTC the free energy, entropy and enthalpy for the formation of vacancy 
clusters respectively. 

In difiiision , hopping is a thermally activated process. The hopping rate can be 
written as; 

ft = ftoexp(-AGm/kT) = ftoeDq)(ASm/k;)exp(-AIWkT) (1 .27) 

where ft^ = attempt frequency and AGm, ASni, Alft, are the free energy, entropy and 
enthalpy for migration of oxygen ions respectively. 

Substituting the expression (1.27) in (1.24) we get 

anc = (yJdVNcft)/kT (1.28) 

= ((yJd^q^)/kT)Noexp(AS,/k)exp(-AH,/kT)ftoexp(ASni/k;)exp(--AHn,/kT) ( 1 .29) 
=(A/r)exp[-(AH. + AH„,)]/kT (1.30) 

or odcT = Aexp(-AHa/kT) (1.3 1) 

where A = ((yJd^q^)/kT)N<,exp(ASa/k) ftoexp(ASn»/k) 
andAHo = AH„. + AH. 


The slope of the plot of log (oncT) versus 1/T gives the value of AHa and the into-cept 
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gives the value of A. As mentioned earlier the AC conductivity in real materials is 
frequency dependent. Almond and West have given the following expression for AC 
conductivity 

a (o) = K ( 0 p[ 1 +(to/Op)"] (1.32) 

Here op is a characteristic frequency which in dipolar dielectrics is associated with the 
frequency of the dielectric loss peak. Almond and West call it a hcq^ping frequency. They 
also noted that 

CTDC = K(Dp (1.33) 


So that 


a (©) = aDc[l+(««'®p)“] (1 -34) 

For (0 = ©j,, a (©) = 2odc- Hence ©p is the frequency at which the AC conductivity is 
twice the DC conductivity. The frequency ©p can also be evaluated by curve fitting the 
conductivity data to the equation (1.34). The AC conductivity is obtained from the (Z,0) 
data using the relation 


ctac = (cos0/Z)(L/A) (1.35) 

Here L is the thickness of the sample and A is the cross-section area. 

Luo et al have fitted the high frequency data corresponding to the intra-grain 
conductivity to equation (1.32). At this frequency the contribution of grain boundaries 
and the electrode to the conductivity can be neglected. The hi^ fiequency range suitable 
such a plot can be found from an impedance plot for eadi temp«ature. It was observed 
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that the best fit is obtained when the frequency is around cOp. Value of n can also be 
obtained by such curve fitting. It was found that the value of n would not remain constant 
if the frequency range used for the curve fitting is far away from cOp. 

The hopping frequency is temperature dependent. A plot of IncOp versus 
1/T gives the activation enthalpy for migration (AHm). Knowing the activation enthalpy 
for conduction (AHa) as discussed above, the activation enthalpy for association of 
vacancies ( AHa) can be obtained since AH<r = AHm + AHa. 

Results of the AC impedance measurements were carried on Zr02-Y203 systems 
are smnmarized below firom literature. 

R. Ramamoorthy prepared Y2O3 stabilized Zr02 (YSZ) samples of 
compositions 2, 3, 4.5, 6 and 9 mole% Y2O3 using chemical precipitation technique. The 
grain sizes vary between l|Jm to 5 pm. The measurements were done between IHz to 
IMHz. The results are tabulated below in Tablel.3 .for temperatures 573K and 773K as 
obtained firom the Fig. 1.13 (o vs Y2O3 concentration). 



Fig. 1.13 Variatioii of conductivity in grain and grain boundaries with yttria 
concentration at temperatures 573K and 773K 



Table 1.3 Data for activation enthalpy and conductivity at and 773K for 


different compositions 


Mole 
% of 
Y 2 O 3 

Phases 

AKUg 

(eV) 

(eV) 

(Ocm)’' at 
573K 

(Ocm)'* at 
573K 

Og (Hem)' 
*at773K 


2 

Mainly t + 
small 

amount of c 

0.98 

1.2 

■ 

3.8x10'“ 

2 8 x 10 "^ 

immi 

3 



Purely t 




M 

Hi 

Bi 

■ 

Mainly c 

with little 
amount of t 







6 

c 

1.02 

1.27 

SB 

gmi 

B 

D 

9 

c 

1.17 

1.31 

■1 


Hi 

gmin 

12 

c 

1.22 

1.35 


mm 

Hi 

imm 


The conductivity of 2 mole% YSZ is lesser than 3 mole% due to the presence of the 
monochnic phase. 3 mole% showed the maximum conductivity at 573K and then 
decreases with increasing mole% of Y 2 O 3 above 3 mole%. The 3 mole% composition 
also showed the maximum grain boundary conductivity for both the temperatures. At 
773K, 0 g is higher for 4.5 mole% and then decreases after that. The activation 
enthalpies for grain and grain boundaiy increase generally from 3 mole% onwards for 
both the temperatures. 

J. Luo et al carried out impedance measurements on YSZ samples containing 
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3, 4.8, 5 7, 6.6, 7.5, 8.4, 10.2 and 12 mole% using Solaitron 1264 impedance 
measurements. Fig. 1.14 shows the impedance plot for 7.5 mole^-o Y:^ at 290°C. 



Fig.1.14 Complex impedance plot of 7^ mole% YjOj-ZaOz ceramics at 290*C 
J. Luo et al has tabulated the data for phases, activalioii enthalpy at different 
temperatures for different mole% (Table 1.4). 



Table 1.4 Enthalpies and phases for different nioie% of Y 203 -Zr 02 


Y 2 O 3 cone 

Cubic 

Tetragonal 

Monoclinic 

AH<, 

AHn, 

AHa 

(mole %) 

(%) 

(%) 

(%) 

(eV) 

(eV) 

(eV) 

3 

1 

72 

28 

0.95 

0.92 

0.03 

4.8 

49 

51 


1.01 

0.91 

0.1 

5.7 

66 

34 


1.06 


0.15 

6.6 

100 

- 

- 

1.09 

0.96 

0.13 

7.5 

100 

- 

- 

1.10 

0.92 

0.18 

8.4 

100 

- 

- 

1.18 

1.05 

0.13 

10.2 

100 

- 

- 

1.24 

1.05 

0.19 


100 


- 

1.25 

1.06 

0.19 


The activation enthalpies are seen to increase with increasing mole% of Y 2 O 3 as 
reported by J. Luo et al 

The conductivity data for different compositions at different temperatures are read 


from log(crT) vs 1/T plot (Fig. 1.15 ). 



Fig 1.15 Aniienius plots of DC conductivity temperature product of eight 
Zr 02 -Y 203 specimens studied by J.Luo et aL 
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Tablel.5. Values of grain conductivities at different temperature for different mole% of Y2O3 















Table 1.5 gives the values of conductivities at different ten^rature for different 
mole% of Y2O3. 

It is seen that at particular tenq)erature, the conductivity decreases with 
increasing Y2O3 content and at any particular composition; the conductivity increases 
with increasing temperature. However it has been pointed out by these authors that on 
extrapolating the curves, the 7.5 and 8.4 mole% Y2O3 compositions show highf^r 
conductivities at higher temperature (> 633K). 

The data from the two papers are compared at 573K and tabulated in Tablel.6. 


Table 1.6: Conductivity and activation enthalpy data at 573K as reported by J. Luo 

et al and R. Ramamoorthy et al 


Data given by J. Luo et al 

Data given by R. Ramamoorthy et al 

AHe(eV) 

Og (Dcm)‘* 

Mole% of Y2O3 

OTg (Qcm)'* 

AHa(eV) 

0.953 

7.35x10-^ 

3 

3.5x10'^ 

0.97 



4.5 

■nn 

1.12 

1.011 

miggiiigiiiii 

4.8 



1.059 

JMESEStik 

5.7 





6 

1-6x10-^ 

1.02 

1.091 


6.6 

1 



1.104 

HSSHli 

7.5 



1.179 

lEESSHI 

8.4 




mmiH 

9 



6x10'’ 

1.17 

1.238 


10.2 



1.255 


12 

j 


1.22 
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It is seen that the activation energy and conductivity broadly agree in the investigations. 
In both the cases the conductivity decreases with increasing Y 2 O 3 content. It should be 
noted that at high temperature (> 633 K) the conductivity is highest for 8 mole% Y2O3. If 
the plot of Luo et al is extrapolated to this temperature then their 7.5 and 8.4 mole% 
sanples are found to have higher conductivities than the other samples, which is in 
agreement with earlier results. The data shows the conductivity of Y 203 -Zr 02 is ^ound 
5x 10"^ (Qcm) '' and AHois of the order of 1 eV. The values of AHc are seen to increase 
from 3 mole% in both the cases. But Ramamoorthy et al has pointed out higher activation 
energy at 4.5 mole% than 6 mole%. This could be due to the presence of a two phase 
mixture (t+c) in 4.5 mole% samples. Except this deviation the values of activation 
enthalpy determined by the two investigations are comparable of around 1 eV.. 
Furthennore they mcrese slightly as the mole% of Y2O3 increases. The values of 
activation enthalpy given by A. Pimenov et al for 4, 8 , 10 and 12 mole% Y2O3 is seen 
to increase from 4 to 12 mole% slightly and the values are ~1 eV. 

Several authors have measured electrical properties of Zr 02 -Gd 203 
ceramics and single crystals PJ.ie.n.isj jjowever, except one all the studies have been 
carried out at very high Gd 203 content (> 20 mole%). Table 1.7 summarizes the 
conductivity and activation enthalpy results on Zr 02 -Gd 203 containing 10 and 12.5 
mole% GdjOs 
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Table 1.7: Conductivity and activation enthalpy of ZrOi-GdzOa . single 

ciystal containing 10 and 12.5 niole% Gd 203 


Temperature (K) 

Og (Qcm)'^ for 
10 mole% 

Gg (CScm)'* for 
12 mole% 

AHag (eV) for 
10 mole% 

AHag(eV) for 
12 mole% 

833 

0.0478 

0.019 



769 

0.013 

imgniiiii 



714 





667 

iiggjiiiiiiig 



1.248 

625 





588 

3.02x10''* 

9.56x10'^ 



546 

3.25x10'^ 

l.OSxlO"'^ 




Conductivity of the 10 mole% sample is higher than the 12.5 mole% sample at all the 
temperatures. Fig. 1.1 6 compares the results on the single crystals with that on 
polycrystals. The electrical conductivity of the single crystals is higher than that of 
polycrystals. At 909K, the grain conductivities of 12 mole% GdjOs doped ZrOz are 
0.011(ncm)"‘ for single crystals and 0.0027 (Qcm)'* for polycrystalline sample and at 
lOOOK these values are 0.044 (Qcm)"* and 0.01 (Hcm)'^ respectively. 
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Fig.1.16 Temperature dependence of conductivity of Zr 02 -Gd 203 solid solutions 
( Solid lines are (O) 10, (A) 12.5 and (□) 15 mole% Gd 203 .)(Dashed lines are for 12 
moIe% Gd 203 polycrystals 

The conductivity of the polycrystals is an order of magnitude lower due to the 
presence of grain boundaries The activation energy is found to be ~1 .2 eV for 1 0- 

12mole%. 

T. Van Dijk studied conductivity of cubic solid solutions of GdxZri.x02-x/2 with 
X fa the compositional range of 0.2< x < 0.6. A beU shaped pyrochlore (P) phase region is ; 

seen to exist within the defect fluorite (F) structure in the compositionai range of 46 to 53 
mole%. Electrical measurements are carried on the samples prepared through wet 
chemical method using Solartron FA 1172 apparatus between temperature SOOT and 
750“C. The complex admittance diagram is shown in Fig. 1.17 for Gdo.5iZro490 1.745 at 


28 





Fig. 1.17 Complex admittance diagram for Gda 51 Zro. 49 O 1.745 at 600"C 

From Fig. 1.18 conductivity variation shows a particular trend with 
composition at different temperatures. The conductivity is found to decrease sharply with 
composition between 19 and 30%. It remains constant between 30 to 38 mole% and then 
increases continuously until it reaches the peak at 50 mole% (composition GdaZriO?). 
Beyond this, conductivity decreases strongly. The conductivity is higher in pyrochlore 
phase than fluorite phase. 



Fig.1.18 Grain conductivity at 520*C, 620“C and 720®C as a function of composition 

in the ZrOi-GdiOs system 
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Fig.1.19 Variation of activation enthalpy with composition 
In another paper T. Van. Dijk^^ did complex admittance measurements on 
GdxZri-xOj-xa prepared by three different routes which are skull melting procedure 
producing single crystals, alkoxide synthesis producing dense ultrafine grain ceramics 
and citrate route producing dense fine grain CCTamics. The values of bulk and grain 
boundary conductivity at different compositions are tabulated in Tablel.8. 


Table 1.8: Values of bulk and grain boundary conductivities at difTerent 
compositions of GdxZri.iOz xa prepared through different methods at three different 

temperatures 


Method 

GdOi.5 

Phase 

500"C 

600“C 

700^ 

Mj 

xlO’^ 

(Om)'* 

xlO'* 

(Qm)-* 

xlO'^ 

(Qm)'^ 

WM 

KiuSkliilHI 

Citrate 

44.8 

F 

4.1 

16 

28 

140 

102 

1000 

Alkoxide 

49.5 

P 

24 

4 

110 

30 

267 

160 

Citrate 

49.8 

P 

31 

13 

140 

70 

345 

300 

Single 

Crystal 

52 

P 

9.5 


52 


173 

Hi 

Citrate 

53.2 

P 

4.1 

70 

25 

60 

25 



30 










































Both the grain and the grain boundary conductivities increase with increasing 
temperatures. Ogb of citrate materials exceed that of alkoxide by one order of magnitude. 
While the Cg is nearly of the same order independent of the preparation technique. The 
activation enthalpies are tabulated in Tablel.9. 


Table 1.9: Activation Enthalpies for different compositions of Gdx;Zri.x02-x/2 


Method 

GdOi.5 

AHag(eV) 

AHagb (eV) 

Citrate 

44.8 

1.11 

1.21 

Alkoxide 

49.5 

0.83 

1.22 

Citrate 

49.8 

0.83 

1.24 

Single Crystal 

52 

1.01 


Citrate 

53.2 

1.03 

1.21 


The AHagb is always higher than AH<jg for both the routes. The AITyg is around leV 
and AH<jgb is around 1 .2eV. 

1.4.2 THE PARAMETER n IN THE CONDUCTIVITY EQUATION 

The values of the n in the conductivity equation can be obtained by different 
methods The values differ from one and another and provide insight into the validity 
of the analysis procedure. 

(1) As described above, the value of n can be obtained by curve fitting the AC 
conductivity data to the grain interior AC conductivity in the valid frequency 
range (around (%) 
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(2) The parameter n is also related to the angle (p by which the semicircle is depressed 
by the relation 

n=l- 2(p/7t (1.36) 

(3) The third procedure is to obtain n using the following expression for the dielectric 
loss: 

X” = (ctac - cjdc)/ci)So (1.37) 

This expression is very sensitive to the value of ctdc- Luo et a estimated odc by 
two different methods and used their average to fit the equation. One estimation is 
from diameter of the semicircle in the Cole-Cole plot. The other estunation is by 
curve fitting equation (1.34), to AC conductivity data. 

When x” is plotted against fi-equency Fig (1.20)^"^ is obtained. Combining 
equation (1.34) and (1.37) one gets 

X”=aDc(®"-V«)p") (1.38) 

Hence a plot of logx” versus logon should have a slope of n -1. 



Fig.1.20 The effect of frequency on the dielectric loss at various temperatures for 

12 mole% YzOj-ZrOz 
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As seen in Fig. 1.20 the relation is obeyed after the peak firequency. This slope is 
-0.44 so that n = 0.56. The value of n obtained by the three methods by Luo et al are 
0.7 to 0.8, 0.88 and 0.56 respectively. This difference in the values of n leads to the 
conclusion that n = 0.56 is the most correct value as a linear fit is satisfied only in the 
corresponding frequency range. The semicircle fit is done in the whole frequency range. 
Thus, the universal expression for conductivity is not satisfied in the system used by Luo 
et al and the semicircle in the Cole-Cole plot is not really a semicircle. 

A value for n can also be obtained by plotting log (oac-ctdc) vs logfrequency (Fig. 

1.21). The slope should be n. This value was also foxmd to be close to 0.6. 
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Fig.1.21. The effect of frequency on the difference between ac and dc conductivity for 12 

mole% YjOj-ZrOz 


1.4.3 THE VARIOUS CHARACTERISTIC FREQUENCIES AND 
ACTIVATION ENERGIES ASSOCIATED WITH THEM 


From the description above, three characteristic frequencies can be obtained 


a. Frequency fa corresponding to the peak in the Cole-Cole plot which is also the 


frequency for which Oac = ctdc- 
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b Frequency ^ obtained by curve fitting the AC conductivity data to equation 
(134) 

c The dielectnc loss peak firequency obtained for the plot of dielectnc loss vs 
frequency plot 

All the firequenaes are thermally activated and can be fitted to Arrhenius 
equation. Luo et al^‘^^ obtained the following equations for the three frequencies: 
fR = 4 3xl0‘'‘exp(-1.10/kT) (1 35) 
fp = 5 4xl0^^exp(-L12/kT) (1 36) 
fi = 5 0xl0‘^exp(-1.13/kT) (1 37) 

All the three fi^equenaes can be related to the hopping rate of the change of earners. The 
corresponding activation enthalpy (1.1 to 1 3 eV) is found to be about 0 leV smaller than 
the activation enthalpy for conduction The difference can be taken to be the defect 
association enthalpy 

Luo et al m another paper had found the hoppii^ fi'equency determmed from 
methods (a) and (b) above to be identical They also found the migration enthalpy as 
determined firom the Anhenius plot to be smaller than the conductivity activation 
enthalpy and attributed the difference to the enthalpy of assoaation Table 1.4^^^^’ 
reproduces the results for ZrOr-YjOa alloys of different compositions 

The association enthalpy is found to mcrease with cubic content upto 5 mol%, 
above which it is not senative to composition even though, both the activation enthalpies 
for conduction and migration, are found to increase with the Y2O3 content (Fig. 1 22)^*^^ 


34 




Fig. 1.22 Effect of yttria on activation enthalpies for conduction and migration 

The association enthalpy is in the range of 0 15-0 2 eV for fully stabilized zirconia. 
Henn et al used dielectnc measurement to get a value of 0.29 eV for the association 
enthalpy m ZrOj-YjOs In the CeOj fluonte materials, the bmding energy for dopant 
cations with ionic radii similar to Ce'*^ has been found to be 0 12 to 0 26eV 

As suggested by A. Pimenov the frequency dependence of the intrinsic part of 
the conductivity is given by Universal Dielectnc Response expression. But due to the 
influence of gram boundary relaxation, the frequency range of the applicability of the 
expression is very small Hence as an alternative way to represent the data M*(f) = l/e*(f) 
IS used to analyze the dielectnc behavior of the lomc conductors M vs logv plot (Fig 


1 23) is sigmoidal for 4 mol% Y 2 O 3 doped ZxOz ceramics M” vs logv shows peak (Fig. 
1 23) at VnBx, which represents the characteristics frequency 
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rig.1.17. Frequency dependence of M’ and M” at different temperatures for 4 mole*/. Y2O3- 

ZrOi 

It IS suggested that if necessary correction factor is incorporated, the modulus peak 
generally lies in the transition region from DC to AC conductivity Advantage of uang 
modulus spectroscopy is that the grain boundary and the blocking electrode influence are 

effectively suppressed. 

The concentration of the mobile ions can be estimated using the expression 
croc = (Nq^dV/6) (coH/kX) (1 38) 

Here N = earner concentration, q = charge on the carrier, d = charactenstic hopping 
distance, y = geometneal factor The value of d’y can be taken to be 0 35a’ when a = 
lattice parameter of the cubic zirconia is taken to be 0 516nm Typical values obtamed for 
yttria doped zirconia by A.Pimenov et al are tabulated in Tablel 20 
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Table 140 Conductivity parameters for YiOj-'LrOi 


Mole% of 
Y2O3 

aDc(ncm)'‘ 

( 400 °C) 

AHa(eV) 

N(cm-') 

i 

i 

4 


1 01 

9 4 x 10 ^“ ; 

1 

! 

8 


1 05 

9 x 10 ^ 

10 

IH9H 

122 


12 

1 6x10’^ 

1 22 

9 x 10 ^ 


1.5 ZIRCONIA THIN FILM 

Zirconia iQlms are used as msulatmg I^eis in multilay er dectrcmic 
devices These films have high dielectnc constant ~ and greater impomeabifity to 
impunty diffusion ZrOa fihn has a potential use for storage capadtor in the dynamic 
random access memory Charge storage m anodic ZrOa films and oxygen sensor elements 
having thin layer of stabilized ZrOi sintered on a substrate are also m use^ The 
zircoma films are synthesized by a variety of method Chemical vapor deposition using 
hydrolysis of ^-diketone chelates such as Zr(CnHi902)4-, dcctrwi beam evaporation, 
plasma arc spraying and sol-gel process have been reported for the preparation of zirccmia 
thm films In the present work we have attempted sol-gd process fisr the preparation of 
the zircoma -gadoHraa fihn 

1.5.1 SOL-GEL PROCESS 

Sol-gel technology has been developed to jnepaxe metal oxide fibers, 
monoliths, microspheres, thm films and fine powders etc. The sd-gd prepared films have 
large number of applications such as antireflection coatings, protective coalings, catalysts. 
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piezoelectnc devices, wave-guides, and coating of optical lenses 


The sol-gel processes offer the following advantage over the 
conventional methods 

1) High punty of the products IS obtamed 

2) Mixmg takes place at the molecular level so that one can get molecular 
level homogeneity m the multicomponent materials 

3) Lower processmg temperature leads to low energy requirements 

4) Thickness of the films can be controlled by modifying the sol 
concentration and varying the number of the coatings 

5) Dopants can be easily introduced for desired electncal and physical 
properties 

However it has some disadvantages 

1) Long processmg time 

2) Residual fine pore after drymg and annealmg 

3) Large shrinkage m films dunng heating and annealmg, which cause cradc 
formation m the film 

Two type of sol-gel processing are generally used 
a Colloidal Processing 

Particles of size 1-1000 ran are used They form a gel network and subsequently sinter to 
yield a contmuous film 
b Polymeric Processing 

Different metal alkoxides M(OR)x are used as precursors In the sol-gel synthess, 
M(OR)x is mixed with water and appropnate solvent (usually an alcohol) A small 
amount of acid or base is added to catalyze the reaction To avoid or minimize seif- 
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condensation, some metal salt like chlonde, mtrate and acetate are used Alcohol, 
chlonde, mtrate and acetate play an important role is determinmg the thickness and 
volume shrinkage Dunng polymenc gel formation, hydrolysis and condensation 
reactions takes place simultaneously The reactions which lead to the formation of a gel 
from the sol are of two types a) f^drolysis and b) condensation 
(1) Hydrolysis Reaction: By this, the alkoxy group is re^^aced by an -OH group 


T 


Hydrolysis 

RO-^f-OR +H-OH O 

Estenficationl 
OR 


+ H-OH 


(2) Condensation Mechanism: The -OH group is eliminated and M-O-M linkages foim. 


”1 

T -O — H + O 

1 , 




H 2 O Condensation _JVf-0 — M— + H 2 O 


O 

Hydrolysis 


OR 


-Vf- 


-;vi- 


:_OH RCfr 


^ — L — 


Alcohol Condensation 

O 

Alcoholysis 


^^1-0 — ir— 
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The sol IS eventually transformed into a 3-d network by the elimmation of water or some 
other group like alcohol This process is known as gelation The rdatrv'e rate of both 
hydrolysis and condensation reactions depends on the experimental conditions Like 
solvent, water, alkoxide ratio etc water is a by-product of the condensation reaction 
Increasing the amount of water inhibits the condensation reaction. 

1.5.2 SOL-GEL CHEMISTRY 

For Zr-n-propoxide the main reactions are as shown bdow 
Zr(OR)4 + 4 H 2 O Zr(OH)4 + 4ROH 

Zr(OH)4 ZrCh + H 2 O 

Zircomum alkoxide form hydrous zirconium oxide like ZtOtoRzO or ZiO(OH)2nH20 
and/ or hydrated polymenc species having a number of Zr-O-Zr bridges. Hydrolytic 
polycondensation reactions of zircomum alkoxides result in the formation of Zr-O-Zr 
bndges based on a octrahedrally six coordinated zirconium 

1.5.3 SOL CHARACTERISTICS FOR THIN FILM FORMATION 

The sol prepared should possess the followmg features for an good coating on the 
substrate 

1 Adequate solubility of the mitial compounds like matenals, which 
dissolve m colloidal or polymeric stale They should have a tendency 
towards crystallization on evaporation of the solvent 

2 SuflBciently small contact angles between the solution and the 
substrate to be coated to give good coating. Surfece structure and 
cleanlmess also affect the wettability 

3 Adequate durability of the solution and constancy of the process 

40 



conditions 


4 Transformabihty of deposited gel film mto the solid homogenous 
oxide layer By drying and heatmg the film, high bondmg strength to 
the substrate should develop On sohdification the film should not 
crack or haze 

1.5.4 COATING TECHNIQUES 

Coatmg on the substrates can be obtamed by usmg any one of the following processes' 

1) Dipping Process 

Substrates to be coated are immersed and withdrawn very carefully and slowly 
fi'om the sol when it gets covered with a thin layer of the sol 

2) Lowering Process: 

The object is fixed and the liquid level is slowly lowered. Controlhng rate of 
lowering controls the thickness of the film 

3) Sprqymg Process 

Suitable for non-optical coatings smce it is very difiHcult to obtam homogenous 
films of sufifiaently uniform thickness with this method. The solution to be coated 
IS sprayed fi^om stationary spray guns on to a preheated glass plate, which is 
moved across the jet s at a predetemuned speed 

4) Spinning Process 

It is done by spreading the hquid fihn by spinnmg the wetted surfeces There are 
no marginaf disturbances The sol is poured on a rotahhg, horizontal silbstrate, 
whm it spreads on the surfece completely and evenly Controlling the rotational 
speed can control the thickness. 


41 



e xpeam^KTuu 
Pnoccmme 


2A SAMPLE PREPARATtON 

2.1.1 BULK SAMPLES 

Samples of ZrQz containing 1.75,2 5,4,5,8 and 1 1 mol % GdaOs in the form of disks 
were available in the laboratory Those were prepared by Santanu Bhattachaiya by a 
coprecipitation method followed by calcinations and sintering. 

2.1.2 THIN FILMS 


Table2.1 Chemicals and Snbstrates: 


Precursors 

Source 

Molecular wt. 

Assay 

Zirconium-IV -propoxide 

FlukaChemika 


70% m propanol 

Acetic acid 

Thomas Baker 


99.8% 

Ethyl alcohol 

Merck 

46 07 

99.8% 

Gadolinia (GdaOa) 

Kemphasol 

362 5 

99.0% 

Triple distilled water 

Prepared in lab 

18 


Nitric acid 

S-D Fine Chemicals 

63.01 

69-71% 

I - — , . — 
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Substrates: Microscopic glass slides, Sapphire {a - Al^O^i^MQorientation)} , Silicon 
and Platmimi(l cmx 1 cm) 

2.1. 2.2 SOL PREPARATION 

Zirconia sols containing 1 75, 5 0, 8 0, 11 0 mole% gadolinia (Gd 203 ) are 
prepared Concentrations and ratios of different chemicals are optimized to get a clear and 
transparent sol and a coatmg of sub-micron range 

High mol% of ZmP created a rough and thicker coatmg whereas a higher acetic 
acid content causes rapid geUmg of the sol. Acetic acid is used to reduce the crackmg 
tendency of the sol-gel film when it is drymg 
2 12 2 1 CALCULATIONS 

The table2.2 gives the concentrations and optimized ratios of the constituents of 
the unstabilized sol 


Table 2.2 Data for Concentrations of Various Constituents 


Constituents 

Concentration 

Zircomum-n-Propoxide (ZmP) 

02M/L 

. ^ , .Aceticacid .. 

Acetic Acid ( 3) 

ZrnP 

ObM/L 

Distilled Water = 18) 

ZrnP 

0 36M/L 

Ethyl Alcohol 

lOL - volume of the rest of the constituents 


Ethyl Alcohol is used as a solvent 

To prepare 10 ml of sol, folio wmg amounts of the constituents are required 
V Ztrcomum-n- Propoxide 
Molecular weight = 327.57 













Density = 1 05 gm/cc 


327 57 

Volume of 1 mole of ZraP = 

1 05 

= 311 95 cc 

To prepare lOOOmI of sol, ZmP needed (concentration 0 2 M/1) = 62 39 ml 
To prepare 10ml of sol, ZmP needed = 0 6239ml 

« 0 624 ml 

2) Acetic Acid' 

Molecular weight = 60 05 
Density = 1 43 1 gm/cc 

Volume of 0 6 M Acetic Acid = 25.178 cc 

To prepare lOOOmI of sol, 25 178 ml of acetic acid is required. 

So, to prepare lOml of sol, 0 2518ml of acetic acid is required. 

3) Distilled Water: 

Molecular Weight =18 
Density = Igra/cc 

Volume of (1 8x02) mole or 0.36moles of water = = 6 48 ml 

To preparelOOO ml of sol 6 48 ml of water is required 
To prepare 10ml of sol 0 0648 w 0.065ml of water is required 

4) Ethyl Alcohol' 

Volume of the solvent used in 10ml sol is {volume of sol - volume of (ZmP + acetic acid 
+ water)} = { 10 - (0 624 + 0 252 + 0 065)} ml 


= 9 059 ml 


Gadolima (GdaOs) m the form of gadolinium mtrate is added to the Zircoma sol to 
stabilize the high temperature tetragonal and cubic phases of Zircoma Gadoluuum mtrate 
IS soluble m ethyl alcohol, which is also used as a common medium for alkoxide and 
water 

Gadolima and Nitnc acid' 

Molecular Weight of GdiOs = 362 5 
Molecular weight of Nitnc Acid = 63 
Density of HNO 3 = 1 4gm/c c 
From the chemical equation, 

GdjOs + 6 HNO3 = 2 Gd(N03)3 + 3 H2O 

1 mole of Gd 203 requires 6 moles of HNO3 acid and 3 moles of H 2 O are also produced. 
Concentration of zircoma in Zircomum -n-propoxide is 0 2M/L We have to prepare 
Gd 203 - Zr02 contaimng x mole % of Gadolima So the rest i e (lOQ-x) mole % is 
zircoma Thus, the weight of the gadolima powder required for preparing IL of zircoma 
sol is given by 


W=Xi00-x)X“2xM (21) 


Where M = Mol Wt OfGadolinia 

Now W/M moles of Gd 203 require (6 W/M) moles of nitric acid and (3 W/M) moles of 
water for preparmg IL of the zircoma sol 


So, the volume of HNO3 required is 


Vaad 



DensityofHNO^ 


(2 2 ) 


And the volume of water required is 


Vwat^= ^ L (2 3) 

DemityofH '2P 

For preparmg 1 75 mol% Gd 203 doped Zircoma sol of 0 2 M/1 concentration, moles of 

GdjOs required = 0 2 = 3 56x lO'^M 

98 25 

(Since 100 mole % of ZrOa alloy contams 1 75 mole% of the additive GdjOs and rest i e 
98 25 mole% of ZrOj) 

Weight of GdjOs required = (3 56x10"^ x 362 5) gm = 1 291 gm 
To prepare 100ml of Zircoma sol 1 291 gm of Gd 203 is required 
To prepare 10 ml of sol, 0 129 gm ofljd 203 is required 

Performing similar calculations for 5, 8 and 1 1 mol% Gd 203 , amount of Gd 203 powder 
required for 10 ml of sol is calculated Volumes of Nitric Acid and water are also 
calculated. The values are tabulated below in table 2 4 

Table 2.3: Volume of Nitric Acid and Water Required 


Mol% of Gd 203 

Wt m 10ml sol (gm) 
(W/100) 

Vol of HNO 3 (ml) 
(Vaad/100) 

Vol of H 2 O (ml) 
(Vw^lOO) 

1 75 

0 129 

0 016 

0 0064 

5 0 

0 382 

0 047 

0 019 

80 

0611 

0 078 

0 03 

11 0 

0 839 

0 11 

0 04 


2 1 2.2 2 APPARATUS CLEANING 

Glassware used like pipettes, beakers, measuring cylinder, teflon coated magnetic 
beads are thoroughly cleaned with dilute nitric aad, then with a glassware cleaning 




solution (Thomaldin), finally with distilled water For faster drying a quick rinsing of the 
glassware and bead with propanol is done before keeping m oven at 50 ”C . 

2 1 2 2 3 PREPARATION 

All the glassware, bead, aluminium foil are transferred inside the glove box The 
relative humidity level mside was mamtamed at < 35% by keeping sihca gel (heated to 
lOO^C) in the glove-box to prevent the reaction of the alkoxide with the moisture of the 
air. Initially the measuring cylinder is nnsed with httle ethyl alcohol and the washing is 
discarded m a wash beaker Approximately 9 059ml of ethyl alcohol is kept aside m the 
measurmg cylinder Then with the help of a pipette about 0.25 ml of acetic acid is 
transferred to a dry 25 ml beaker (containmg the bead) Immediately half of the alcohol is 
added to the beaker The pipette is rinsed with some more ethanol and the washings are 
added to the contents of the beaker. 

Then 0 62 ml of Zr-n-P is pipetted out and poured into the beaker Rinsmg of the 
pipette IS done m the same way with some ethanol The remaining ethanol is kept in the 
measurmg cylinder 

The beaker is covered with an aluminum foil to avoid moisture absorption firom 
the atmosphere The solution is stirred for 2 hrs on the magnetic stirrer A clear 
transparent sol is obtamed 

In the mean time, gadolmia powder is weighed and dissolved m specified volume 
of HNO3 and tnple distiUed water outside the glove-box After 2hrs of stirrmg the sol, the 
prepared gadohnium nitrate solution is taken inside the glove box and mixed with the 
remammg ethyl alcohol The solution is added to the sol and then kept stirred for 15mm 
Finally a clear transparent gadolmia stabilized zircoma sol is obtamed Such zircoma sols 



are prepared for 1 75, 5, 8 and 11 niol% gadolinia composition within the glove box. All 
the beakers containing the sols are labeled and refrigerated to reduce gellmg tendency 

2.1. 2.3 PREPARING THE SUBSTRATES 

Platinum, Sapphire and Sihcon substrates are used 

2 12 3 1 POLISHING 

The Pt and sapphire substrates are pohshed before cleanmg them The Pt substrates were 
successively polished with 2/0, 4/0 emery paper followed by 0 25pm diamond paste on a 
cloth to give a mirror like fimsh 

The sapphire substrates are pohshed with 0 3 m alumma paste on a glass plate for about 
15 nun, followed by polishmg on glass plate with 0 05/i m aluimna powder 
2 1 2 3 2 CLEANING 

The polished substrates are subjected to cleanmg 

Platmum and Sapphire substrates are cleaned usmg the following steps. 

i) Boiled in soap solution for 5 rmns 

ii) Ultrasonicated 3 tunes m distilled water for 5 mins each tune 
m) Ultrasonicated m acetone for 5 nuns 

iv) Ultrasomcated m tnchloroethylene for 5 rmns 

v) Ultrasomcated m ethyl alcohol for 5 nuns 

vi) Ultrasonicated in ethyl alcohol for 5 nuns 
vu) Dned in oven around 50 ° C 

Cleanmg silicon substrate created red and green colors on it with variable 
thickness This discoloring made the substrates unsuitable for thm film preparation 


and electncal characterization 


After cleaning and polishing the substrates are stored in clean sample boxes They are 
handled with forceps to prevent the formation of fingerpnnts on them 

2.1 2.4 THIN FILM DEPOSITION 

The substrates are coated by spm coatmg techmque Thickness of the coatmgs are 
increased by applying multiple coatmgs with mtennediate drymg m the oven at 80 ° C for 
about 5 mins Viscosity of the sol, sol concentration and the speed of the spinner are the 
important factors controlling the thickness of the film. The speed of the centrifuge is 
optimized at SOOOrpm. HighCT speed of about SOOOrpm gives very thm coatmg whereas 
lower speed of about 2000rpm and also higher sol concentration of about 0 SM/L gives a 
thicker and rough coating. 

For electncal charactoization of the thm film, there should be a bottom electrode 
and a top electrode and in between the msulatmg thin film. Pt is itself conductmg whereas 
for silicon and sapphire, winch are non-conductmg, Au-Pd bottom electrode is deposited 
on their surface usmg sputtenng techmque A thm layer of Au-Pd is deposited on the 
clean surface of sapphire and on silicon substrate by usmg HUMMER (6- A) Sputtering 
System (Anatech Ltd) The settmgs used are discussed in section 2 3 1. For better 
adherence, the substrate with the Au-Pd film is heat treated at 400° C for 5 mins. The fihn 
retamed its conductivity after the heat treatment 

Spin coatmg with the stabilized ZrOi sol is attempted on the Pt and sapphire and 
sihcon substrates coated with Au-Pd layer Before coatmg the substrate, a little area of it 
IS covered with a teflon tape carefiiUy with the help of a forcep Thus a step is formed 
between the coated and uncoated portion so that film thickness can be measured using the 
surface profilometer 



The substrate is fixed on the top of the spinner of the centnfiige and rotational 
speed IS kept constant at SOOOrpm Lower speed of 22(X)rpm gives a rougher and thicker 
coating as seen from its thickness profile This kmd of film is more prone to cracking 
dunng the heat treatment At a higher speed of 4000rpm the film thins out and is barely 
discernible 

Smgle drop of sol is added to the substrate while it is spinning at 3000rpm and 
spun for about a mmute The coat is dned for 5 mmutes at about 80°C- About 6 to 8 
coatings are applied and after each coating the substrate is seen undo" optical microscope 
(100 magmfication) to check the imcrostructure and the presaice of cracks. 

Imtially the glass slides are used for optimizing the sol concentratKMi, number of 
coatmgs, speed of rotation and heat treatment by studying the thickness of the deposited 
film on It Surface profiOlometer is used for measunng the thickness 

At first the sol concentration was kept at 0 5M/L A 0.5 mole% stabilized sol and 
2 coatmgs are used at a speed of 2200 rpm on the glass slide with heat treatmeit at 350®C 
for Ihr The average thickness of the film is 5 pm and it is very rough as seen m Fig 
2 1(a) So the sol concentration is reduced to 0 2M/L. 

With 0 2M/L concentration, few glass slides are coated with the sol by varying 
different conditions Then the thickness is measured using the Surfece profilometer. The 


results are tabulated m Table 2 5 



Table 2.5; Data for Spin Coating on Glass Substrates 


Serial 

No. of 

Rotational 

Heat 

Thickness 

Nature of the Film 

No 

Coatmgs 

Speed 

Treatment 

(pm) 


1 

2 

2200 

350°C for Ihr 

0 25 to 0.5 

Rough 

2 

2 

3000 

450°C for Ihr 

0 1 to 0 2 

Less rough 

3 

2 

2200 

450‘’Cforlhr 

0 2 to 0 4 

Rougher than 2 

4 

1 

3000 

450°C for Ihr 

0 05 

Thm and rougher 






than 1 

5 

1 

2200 

450°C for Ihr 

0 1 

Rougher than 4 


The conditions given m the serial no 2 of the table is seen to produce a better thin 
film than the rest On the clean and polished sapphire substrates, 2 coats of the sol (5 
mole% stabilizer, 0 2M/L concentration) are apphed with a spinning speed of 30OOrpm 
and the film is heat treated at 450®C for Ihr From the Fig 2 1(b) it is seen that the fihn 
thickness is 0 1 pm but on checkmg the film with multimeter, it is seen the film shows a 
very low resistance The conductmg film cannot be used for electacal characterization, as 
the film has to be capacitive m nature sandwiched between the electrodes 

In a view of gettmg a non-conducting film the number of coatings are increased 6 
coatmgs of 1 75 mole% Gd 203 (0 2M/L concentration) are applied to a sapphire with a 
rotational speed of 3000 rpm, and then heat treated at 700“C for 15 mm. The film is seen 
to be very rough and thick Now the number of coatmgs is reduced to 4 and heat 
treatment temperature of 500°C for Ihr is used Films of 8 and 1 1 mole% Gd 203 additives 
are prepared m this way and their average thickness are 0.5Mm and IjJm (with some 4pm 
features) respectively as seen fi’om the Figs 2.1(c), 2 1(d). Even with 6 and 4 coatings the 





jSlm is conducting The reduction of heat treatment temperature to 500®C did not show 
any better results XRD of the 8 mole% GdaOa containing thm film showed that cubic 
peaks are just developmg (Fig 2 If) There is httle chance of getting crystalline film lower 
than this temperature 

As an alternative the sihcon wafers are used But after the heat treatment of the sol 
on it some patterned red and green areas are seen on it When studied under the 
profilometer, a change m thickness across red to green area is noticed Fig 2.1 (e), this 
makes it unsmtable for conductivity measurement 

Finally Ft substrates are used keeping the conditions similar to the sapphire 
substrates 4 coats of the sol (0 2M/L) are apphed at a rotational speed of 3000 rpm The 
film is then non-conductmg After the heat treatment at 500®C the film showed very less 
resistance Thickness of the film is not measured, as it cannot be used for electrical 
characterization. 

The Pt substrate showed very high resistance after imtial heat treatments durmg 
the spin coatmgs But when subjected to heat treatment for the crystallization of the film 
to a temperature as low as 400°C for 15 mins, the film became conductmg 

Microwave treatment of the film after spin coatmg and apphcation of dip coating 
also did not help The probable reason could be proper wettmg of the substrate was not 
takmg place So at some places the film was continuous and m others it is discontmuous 
The electncal characterization of the film therefore could not be done 



2.2 CHARACTERISTICS OF THE BULK SAMPLES 


2.2.1 DENSITY 

The density of the samples was determined by Archimedes method using xylene 
as the immersion medium The relative density of the samples as a function of Gd 203 is 
shown in fig (2.2) The relative density mcreases with increasing GdaOs content reaches 
a maximum at 4 mole% and then falls off agam The density of samples upto 5mole% 
GdzOs are all > 90% of the theoretical 

2.2.2 PHASES 

XRD date is used for determining the relative amounts of the phases present The 
relative amounts of different phases m the smtered samples vs GdaOa content is shown m 
fig (2 3) Even with 1 75 mole % GdaOs only ~ 12 vol % monoclimc phase is present The 
2 5 and 4 mole % compositions are single-phase tetragonal matenal Higher compositions 
1 e 5 and 8 mole % GdaOa samples show the presence of t and c phases But the amount 
of c phase m 5 mole % sample is only about 9 vol % but it mcreases to about 80 vol% for 
8 mole % GdaOs samples 9 mole% samples were prepared to check the presence of 
different phases, it is seen it contains httle t phase and rest is cubic. 

2.2.3 MICROSTRUCTURE 

Figs (2.4) show the microstructure of the pohshed and sputtered surface of 
smtered ZrOa-GdaOa samples Except for 8 mole% GdaOa aU the grains are rounded and 
have extremely fine grain size (0 1-0 ISpm) The average gram size does not match above 
4 mol% GdaOa as seen m table 2 2 



Table 2Sz Variation of Gram Size and Relative Density with Composition 


Mole percent of 

GdjOs 

Average Gram 

Size (pm) 

Relative Density 

1 75 

0.14 

09 

25 

0.13 

0 93 

4 

0 13 

0 96 

5 

0 17 

0.35 

0 92 

8 

0 67 

02 

0 88 


For compositions 1.75 and 2 5 mole% there is a bimodal gram size distnbution Almost 
uniform gram size is observed for 4 mole% samples At a higher mole% of 8, majority of 
the grams are large (0 6pm) although for this composition, smaller grams are found at the 
junction of 3-4 grains These large grains unlike the small grains are faceted i e they have 
sharp comers they also may contam intergranular porosity Electncal measurements were 
done on Zirconia samples contammg 1 75, 2 5, 4, 5, 8, 9 and 1 1 mol % gadolinia 

2.3 ELECTRICAL CHARACTERIZATION 

This can be divided mto the following heads 

1) Pohshmg and electrode deposition 

2) Sample holder 

3) Electncal measurements 

4) Data analysis 
















2.3.1 POLISHING AND ELECTRODE DEPOSITION 

For good results smooth and polished samples are necessary The samples are 
ground on 400 gnt SiC slurry on a glass plate for 10 mmutes followed by 600 gnt and 
1000 gnt SiC slurry for 10 mmutes each After that the samples are polished usmg l|im 
alurmna paste for 10 imnutes followed by 0 3 jim alumina paste to a mirror ffnisH Finally 
the samples are pohshed with 0 25 pm diamond paste on a (fiamond microcloth. XRD 
diffiractogram of the samples are taken at this pomt if required. 

The polished samples are then coated m HUMMER VIA Sputter Coater (Anatech 
Ltd ) with Gold -Palladium target Three to four samples at a time are mounted on the 
sample holders and are kept inside the chamber The chamber is flushed for two three 
times with Argon gas fi’om cylinder Following parameters are optimized for a good 
conducting layer 

Vacuum m the sputtenng chamber = 80 milhtorr 
Plasma discharge current =10 mA 

Voltage control setting =34 

Time of sputtenng =10-15 mms 

Violet colored gas plasma is formed as the gas atoms are ionized by the electric field. The 
ionized atoms hit the Au-Pd target and the metal atoms are dislodged and adhere to the 
specimen surface to form a thm conductmg layer Both the sur&ces of the samples are 
coated m this maimer. The specimens are now ready for impedance analysis. 

2.3.2 SAMPLE HOLDER 

A sample holder is fabncated for high temperature etectrical measurements as 
shown m Fig (2 5) It contains four identical lava discs of diameter 27 mm and thickiiess 


10 mm and a nylon block of diameter 22 mm and thickness 51 mm Each of these discs 
and nylon block has a hole of diameter 2 mm at the center and four other holes situated 
symmetrically at the periphery The lava discs are used to support the different parts of 
the sample holder at least upto 500°C One quartz tube of outer diameter 12 mm inner 
diameter 10 mm and length 220 mm is placed between the two inner lava discs as shown 
m the figure A sprmg of diameter 12 mm and length 30 mm is placed between the two 
lava discs near the nylon block. The lava discs are recessed to a depth of 1 mm m a drcle 
of diameter 14 mm to accommodate the quartz tube and the sprmg After manhining the 
lava discs, they are heated slowly to 700°C and soaked at the temperature for 5 hrs to 
harden the pyrophilhte A pair of stainless steel rods of diameter 2,9 mm and length 400 
mm IS passed through the two diametrically opposite holes of the blocks to provide 
support to the sample hold^ For electrical contacts, two platinum discs of diametra* 120 
mm and thickness 1mm are brazed to silver wires to provide high temperature contacts 
One of the wires passes through the central hole withm the quartz tube and the other 
passes through one of the peripheral holes The length of the wires is 400 mm each and 
their ends are connected to the Impedance Analyzer by means of crocodile clips The 
sample to be studied is placed between the two platinum discs supported by the two lava 
discs The sprmg and the quartz tube are used for providing enough pressure and to 
ensure proper contact between the sample and the electrodes Through one of the 
peripheral holes, a chromel-alumel thermocouple is passed for sensing the temperature of 
the sample The thermocouple is coimected to HEL 2301 digital panelmeter The millivolt 
readings are converted to temperature readings according to the standard charts. The 
sensitivity of the panelmeter is ± 0 05 mV 



2.3.3 ELECTRICAL MEASUREMENTS 


A block diagram of the experimental set-up is shown m fig (2.6) Vanous parts of the set- 
up are descnbed below 

2.3.3.1 FURNACE AND TEMPERATURE CONTROLLER: 

A horizontal furnace with a mulhte tube muffle of internal diameter 50 mm and 
length 59 mm is used It is an electrical resistance furnace with a Kanthal wire wound 
over the muUite tube The space between the tube and the outermost aluminum body is 
filed up by insulatmg glass wool. The resistance of the heating element is nearly 320. 

The length of the sample holdo" was so adjusted that when the sample is in the c«iter of 
the furnace the spring and the nylon block is just m the outer edge of the furnace 

A S-type (Platinum / Platmuin-10% Rhodium) thermocouple is placed in the center 
of the fiimace fi'om the other end. It is then coimected to the Microprocessor based 
Programmable Temperature Controller (Indotherm -161, MPC-500) It consists of a 
temperature programmer and a power controller The temperature control method is of 
P I D type The accuracy of the controller is ± 0 5"C 

2.3.3.2 IMPEDANCE ANALYZER 

A HP 4192A LF fully automatic, high performance analyzer is used with a HP 
1607A test fixture for a wide range of complex impedance measurement The mbuilt 
frequency synthesizer is used to generate frequency m the range 5Hz-13MHz with 1 mHz 
resolution The two display modes ‘A’ and ‘B’ can be selected to measure quantities of 


interest Table2 3 


Table2.6! The Displays ‘A’ and ‘B’ of the Impedance Analyzer: 


Display A Function 

Display B Function 

jZ 1 Absolute value of Impedance 

0(deg/rad) Phase angle i 

|Yi Absolute value of Admittance 

R Resistance 

X Reactance i 

G Conductance 

B Susceptance 

L Inductance 

Q ^ahty Factor 

D Dissipation Factor 

C Capacitance 

R Resistance 

G Conductance 


The equivalent circuit modes are auto, senes and parallel 

2.3.4 IMPEDANCE MEASUREMENTS 

The coated sample is placed between the platmum electrodes of the sample holdff 

I 

and the silver wire ends are connected to the bndge of the Impedance Analyzer The 
temperature of the fuinace is increased with the help of programmable power controller. 
The temperature is raised from room temperature to 150"C at the rate of 5®C/min, when 

■’ .r * 

the first measurement is generally taken The impedance value Z and phase angle B are 
noted by varying the frequency f between 5Hz to 13MHz. the temperature is fixed at this 
temperature for about 15 mms The temperature takes sometime to stabilize at this 
soaking penod and the readings are noted down as the panelmeter reading becomes more 
or less stable After this the controller is reprogranmied to ramp at 5°C/min to the next 
temperature and stay there The measurements are repeated This is contmued upto a 
temperature of 450 °C An ammeter of ratmg 0 to 6 amps is connected to the circuit. For 
dielectnc measurements the displays can be set to ‘C’ and ‘D’ which gives the values of 
the capacitance and dielectnc loss, but they can be calculated us ing only Z and 0 values. 






2.3.5 DATA ANALYSIS 


2.3.5.1 CONDUCTIVITY AND ACTIVATION ENTHALPY CALCULATION 

At a particular temperature the values of f, Z and 0 are noted from the impedance 
analyzer Cole-cole plot (ZsmG vs ZcosG) is plotted using the Ongm Software Usmg the 
non-linear square fitting program, 2 semicircles are fitted, one for the grain and the other 
for the gram boundary effect, m the impedance plane The sermcircles are depressed m 
nature The values of the center and the radius are obtained from the program The 
diameter of the semicu-cles gives the gram and the gram boundary resistances Rg and Rgb 
respectively The DC conductivity m each case is obtamed from the relation 

ccdc = (L/A)(l/Rr>c) (2 4) 

where L = thickness of the sample and A = area of the electroded surface 

Log (odcT) vs 1/T IS plotted m each case The slope of the Imear fit gave the value of the 

activation enthalpy (AHa) for conductivity 

To find out the migration enthalpy the followmg technique is used As suggested 
by Almond and West, 

crAc = aDc[l+(o>/«>p)"] (2 5) 

where Oac = AC conductivity, Op = charactenstic frequency at which the dielectnc loss is 
maximum (hoppmg frequency), n = Jonscher’s universal exponent (varying between 0 5 
to 1) 

Now ctac is calculated usmg the followmg expression 

a* = (L/A) (cosG/Z*) 

= (L/A)[l/(Z’-jZ”)] 

= (L/A) [(Z’ ^Z”)/Z^] 

(2 6 ) 


= (L/A) (cos0/Zo-ism0/Zo) 



The real part of the complex conductivity gives the value of AC conductivity as 

Oac = (L/AXcosG/Z) (2 7) 

putting the value of Oac and odc to equation A, we get 
(L/A)(cose/Z) = (L/A)(L/RDc[l+(27rF2:rfp)“]) 

Takmg log on both the sides, we get 

logpR-Dc (cos0/Z)-l ]= nlogf - nlog^ (2 8) 

Knowmg the value of Rdc, cosG, Z and f at each temp«ature, n and % can be obtained by 
plotting log [Rdc(cosG/Z-1] vs logf. The slope of the fit corre^xinds to the n value and the 
intercept of the when divided by n gives the logl^ value. Generally n vanes between 0 5 
and 1 Then log^ is plotted against the inverse of the corre^nding tenqierature. From 
the slope of the hnear fit, migration activation enthalpy (AHU) is calculated- The 
association enthalpy (AH,) is obtained fitnn the difierence between AHa and AHo,. 

2,3.5.2 MODULUS SPECTROSCOPY 

The dielectnc constant s* is ^en by the equation 

E*=Y(l/jo)Co) (2.9) 

where ca= firequency of the applied agnal, Co = vacuum / air capadtance, Y*= complex 
admittance 

Now e* =E’-je” 

= 1/(ZjidCo) 

= l/(Z’-jZ”)j<i)Co 
= 1/(Z” + jZ’)c)Co 
= (Z”-jZ’)/(Z”^ + Z’^)c)Co 
=(Z”-jZ’)/Zo^oCo 


(2 10 ) 



Equating the real and the imaginary parts 


s’ — ZosinG/Zo^oCo 

= sinO/ZooCo (2 11) 

s” = Zo cosG/Zo^coCo 
= cosG/Zo(dCo (2 12) 

M* IS the reciprocal of s*, so 

M* = 1/8* 

= Z*j(aCo 

. M’ + jM” = (Z’ -jZ”)jfflCo (2 13) 

Equating the real and the imagmaiy parts 

M’ = Z”(dCo 
= ZsmG27tfCo 
M”=Z’(dCo 

= ZcosG2jtfCo (2 14) 

Under an AC field, dispersion or dielectnc relaxation is observed due to different 
polarization mechanisms like electromc, lomc, dipolar and space charge polarization. 
Each relaxation mechamsm is characterized by a relaxation time given by 

Tr = 27C/G)r 


where ©r = relaxation frequency 

The plot of M’ and M” vs log ((d/27u) are known as Modulus Spectra. Sigmoidal fit is 
applied to M’ vs log (©/27c) and Lorentzian fit is applied to M” vs log (qJ2k). Frequaicy 



dependence of the real part of conductivity (oac) and the real part of permittivity (s’) is 
also studied for aU the compositions 

2.3.5.3 ESTIMATION OF CARRIER CONCENTRATION 

For all compositions the earner concentration N can be calculated at a particular 
temperature usmg the formula 

ctdc= (NqVy/6)(o)R/kT) (2 15) 

where q = charge 

d and cor = charactenshc hoppmg distance and frequency 
y = geometrical factor 

d^y = 0 3 5a^ (a = 0 5 1 6 ran for Zr 02 -Gd 203 system) 
Knowing the values of Odc and (Dr at a particular composition N can be calculated 
as N = (6<TDc/q^d^y) (IcT/cor) 


2.4 X-RAY DIFFRACTION ANALYSIS 

X-ray diffraction of all the bulk samples is earned out to detenrane the phases in 
different samples X-ray Diffractometer (Rich Seifert Iso-Debyeflex 2002, Germany) is 
used with the CuKa radiation (X = 1 5405 A") The followmg operatmg parameters have 
been used 


Characteristic 

Values 

Accelerating Voltage 

30KV 

Accelerating Current 

20mA 

Scanmng Speed 

37min m 20 

Chart Speed 

30 mm/mm 

Time Count 

10 sec 

Count Per Min (CPM) 

5K 




The value of mterplanar spacing (d) is used to calculate the index of an X-ray line using 
the Bragg’s relation 

= (2 16) 
where 0 = Bragg’s angle 
n = order of diffraction 
X = wavelength of X-ray (in this case 1 54A^ 

All the XRD patterns are recorded at room temperature 




Fig. 2.1a. Thickness proffle of Zr 02 - 5 Gd 203 (2 coatings, 350"C for 1 hr.) thin film 
deposited on a glass substrate. Sol of molar cone. 0.5M/1 and rotational speed of 

2200rpm is used. 
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Fig- 2.1 d. Thickness profile of Zr 02 -llGd 203 (4 coatings, 500®C for 1 hr.) thin film 
deposited on a sapphire. Sol of molar cone. 0.2M/1 and rotational speed of SOOOrpm 

is used 




Ifig. 2.1(0 aRO plot of 8 molev*«rcoiiia- gadoUnia thin lilm on sapphire substrate 
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Fig. 2.5 Sample-holder for eofpp^ex impedance anatysb 



Fig. 2.6 Block diagram showing the experimental setup used for impedance 

measurements 
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3.1 XRD ANALYSIS 

The XRD patterns are recorded for 1 75, 2 5, 4, 5, 8, 9 and llmol% samples using 
the computenzed Richeifert powder DiiHraclometer. All the XRD plots are shown m Fig 
3.1-3.7 

The plots of 1 .75 and 2.5 mole% samples showed prominent peaks corresponding 
to (t + m) phases. The 1,75 mole% sample contains more high intensity peaks of 
monoclinic than 2.5 mole%. Both of them contam t phase but the peak at 50 07 is more 
prominent in 2.5 mole%. 

The 4 mole% sample contains tetragonal and httle cubic phase The 5 mole% 
sample contains more prominent peaks of cubic phase with a sharp peak at 30.07® and 
also tetragonal phase. 

The 8 mole% contains higher proportion of cubic phase with a little amount oft 
phase as seen from the less promment peaks. The 9 mole% and the 1 1 mole% contains 
purely cubic phase. 
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3.2 IMPEDANCE MEASUREMENTS 

3.2.1 COLE-COLE PLOT 

Using the impedance analyzer the Z and 6 values are measured for the doped 
zirconia samples containing 1 75, 2 5, 4, 5, 8, 9 and 11 mole% gadohraa at vanous 
temperatures ZsinG vs ZcosG is plotted to obtain the Cole-Cole plot The Cole-Cole 
plots are shown for different samples at vanous ten^ieratures m Fig 3 8-3 14 The 
gram and the gram boundary resistances are calculated by usmg the non-lmear square 
fitting to the semicircular arcs In all this plots a and b are the co-ordmates of the 
center of the semicircle and c is the radius of the semicircle The diameter of the 
semicircles represents the resistance Generally two depressed semicircles and a small 
arc are obtained m the inpedance plane at elevated temperature withm the frequency 
range of 5 Hz -13 MHz At lower frequencies arc due to electrode polarization is 
seen In the mid-frequency range the gram boundary semicircle and at higher 
frequencies gram/ bulk semicircular arc is seen All these semicircles are depressed 
havmg centers below the positive y-axis as seen m the case of real pofycrystallme 
samples For the higher mole% of Gd 203 , above 5 mole % the gram and the gram 
boundary semicircles are distinct (Fig 3 11-3 14) At lower mole percent both the 
semicircles (Fig 3 8-3 10) tmd to overlap and at 1 75 mole% it is very difiBcult to 
separate them (Fig 3,8) 

Similar overlapping is seen m the case of zmconia samples studied by 
J Luo et al The gram arc is seen at higjier frequenaes withm the entire 
experimental tenqperature range where as the gram boundary is seen at higher 
temperatures and lower frequencies In all the cases above 1 75 mole % GdaOs, the 
gram arc is smaller tihan the gram boundary arc At hi^er temperature the 
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contribution to the total resistivity is mamly due to the gram boundary resistivity The 
gram size and relative density of different mole % of Gd 203 is shown below m the 
Table 3 1 

Table 3.1: Variation of Grain Size wifli Differmt Mole % of Gadolinia 


Mole percent of 

Average Gram 

Relative Density 

GdaO, 

Size (}xm) 


1 75 

0 14 

09 

25 

0 13 

0 93 

4 

0 13 

0 96 

5 

0 17 

0 92 


0 35 


8 

0 67 

0 88 


02 



Due to smaller gram size, the gram boundary resistance is higher m all the 
cases As shown ly R Ramamoorthy et al with smaller gram size (1 to 0 5tini), 
gram boundary arc is smaller than gram arc and the activation energy for the gram 
boundaiy mcreases with mole percent of GdaOs 

3.2.1 DC CONDUCTIVITY 

The DC conductivity is obtained from the Cole-Cole plot usmg the relation 

( 3 1 ) 

vvdiere R is the diameter of the semicircle in the Cole-Cole plot, L is the length of frie 
sample and A is the area of the electroded surfrce 




Fig 3 15 shows the variation of conductivity with temperature for dififerent 
compositions It is seen for all the compositions with mcreasmg temperature both the 
grain and the gram boundary conductivity mcreases Table 3 2 gives the values of 
conductivity of Zr02-Gd20^ ceramics for different compositions at temperatures 
around 585K 


Table 3.2 Conductivity values of ZrOj-GdiOa ceramics for different 
compositions at temperatures around 585K 


Temperature ("C) 

Mole % of Gd203 

agXlO"^ (Qcm)"^ 

OgbxlO'® (f2cm)'^ 

588 

1 75 

06 

- 

581 

25 

12 

06 

581 

4 

2 

0 65 

581 

5 

15 

02 

595 

8 

1 6 

04 

584 

9 

1 4 

06 

584 

11 

1 8 

1 5 


The grain conductivity is seen to vaty from 0 6 to 2 x 10"^ (£2cm)’‘ Although the 
value for the 4 inoIe% Gd203 is highest at 2 x 10^ (Gcm)-^ however m the range of 


the expenmental error it t^pears the grain conductivity does not diange much with 
composition from 1 75 moIe% to 1 1 mole% Gd203 The Cgb is around 0 6x1 0'^ (Hem) 

* for all compositions from 2 5 mole% Gd203 onwards However it is significantly 
higher at 1 5 x lO"* (Qcm)’‘ forll mole% Gd203 Comparing these values with the 


conductivity of zarconia-yttna ceramics, we find that the values of conductivily are 

\ . J. II ^ ^ Uu 


but" 8. ’A I V. \e,Z$.0.'r ’■-VAar- 

j , i I * I ' - -4 > j ^ ^ 74 






f\ J I 

“ = ooexp(-^) (3 2) 


where cr is the conductivity, do is the pre exponential factor, AH^ is the activation enthalpy 
for conduction mechanism and T = temperature in Kelvin 

Log (oT) versus 1/T is plotted and the data is fitted to a straight line using Im pigr regression 
Fig 3 16 shows the linear fit of the data for all the compositions If the hnear fits are 
extrapolated to higher temperatures (> 633K) then the conductivity will become highest at 8 
mole% as reported by J Luo et al for Zr02-Y203 system 

3.2.2 ACTIVATION ENTHALPY FOR CONDUCTION 

Using the relation given m the equation 3 2, separate plots of log (ctT) versus 1/T for 
all the compositions m Fig 3 17 The slope of the hnear fit to the data gives the value of AH^ 
and the mtercept gives 00 The values of activation enthalpy for gram and gram boundary are 
tabulated in Table 3 3 

Table 3.3: Variation of activation enthalpy (AH,,) with different mole % of Gadolinia 


Mole % of Gadolmia 

AHcbCbuIk) 

(eV) 

AHogb (grain 
boimdaiy) (eV) 

1.75 



2.5 


0 75 

4 

^^[Qi^iiiiiiiiii 

1 11 

5" ™ ■ 


1 04 

8 

1.01 

1 12 

"“*9 


0 92 

ii 

0 88 

0 85 


Fig 3 18 shows the variation of AIL with different mDl% of gadohraa 

Zr02-Gd203 also showed mcrease m the activation energy similar to Zr02-Ce02 and Zr02- 

Y2O3 with mcrease m the moh% of Gd^Ch At 1 75 mole % C3d203 gram has minimum 
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activation enthalpy The activation enthalpies for gram and gram boundary mcreases from 
0 72 to 101 eV as the Gd20, content increases from 2 5 mole% to 8 mole % The reason 
could be narrowing of the passage for the diflFusmg ions as relatively larger Gd^"^ (0 097nm) 
replaces Zr (0 079 nm) Similar trend could is seen with regards to the activation enthalpy 
for gram boundary (Table 3 3) Comparmg this results with Zr02-Gd203 and ZrOj-YaOs from 
hterature as described earlier, it is seen that while the activatton enthalpies are much lower 
for low Gd203 contents (1 75 and 2 5 mole%) than those reported for Zr02-Y203, the values 
are nearly 1 eV for both gram and the gram boundary conductions The activation enthalpy 
decreases after 8 mole% Gd203 and is seen to be lowest at 9 mole% Gd203 and then mcreases 
slightly for 1 1 mole% It should be noted that 9 mole% Gd203 corresponds to the lowest 
composition at which the cubic phase is obtained as has been reported m literature The 
activation enthalpies for ZrOi-YaOs and the Zr02-Ce02 systems are known to mcrease with 
stabilizer content m the cubic phase This has been attnbuted to the formation of vacancy 
clusters m this ceramics However m the Zr02-Gd203 samples prepared ly us shows lower 
activation enthalpies for 9 and 1 1 mole%. This mdicates that the vacancy cluster formation 
may not be significant m Zr02“Gd203 system 


3.2.3 ANALYSIS OF DIELECTRIC IWlODULLI 

\ 

The complex dielectpc modulh M* Consists of real (M^)^ and imagmary (M”) parts 

where 


M’»oCoZsm0 (3 3) 

M”«^CoZcose \(3.4) 

\ 
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increase with stabilizer content m the cubic phase This has been attnbuted to the 
formation of vacancy clusters in this ceramics However < the Zr 02 -Gd 203 san^iles 
prepared by us shows lower activation enthalpies for 9 and 11 mole% This indicates 
that the vacancy cluster formation may not be significant in Zr 02 -Gd 203 system. 

3.2.3 ANALYSIS OF DIELECTRIC MODULLI 

The complex dielectric modulli NT consists of real (M’) and imaginary (M”) 
parts wdiere 

M’ •= (oCoZsme (3 3) 

M” =(oCoZcos0 (3 4) 

M’ and M” are plotted against log (frequency) For all the samples from around 200“C 
and above signroidal curve fitting is apphed for M’ vs logf (frequency) (Fig 3 19) and 
Loraatzian curve fitting for M” vs logf curve (Fig 3 20 ) The nature is similar to vdiat 
IS reported by A Pimenov et al for 4 mol% Y 2 O 3 doped Zr 02 At lower 
frequencies M’ values tend to zero and level off at higher frequaiaes around IMHz 
and droops down at still higher frequencies (not shown in figure) This may be due to 
grain boundary relaxation and mterfacial effect For M” vs logf plot, presence of 
peaks in the Lorentz fit signify dielectnc relaxation processes Except 1 75 (Fig 3 21) 
and 9 mol % (Fig 3 22 ) Gd 203 all the other sainples show one relaxation peak at a 
frequaicy whidh represents the characteristic frequency of the conductivity relaxation. 
The plots are nwre or 1^ symnietnc about the peak maxima mdicatmg a single 
dominant chelectnc relaxation mechanism e.g. for 2 5 mol%, 4 mol%, 5 mol%, 8 
mol% and 1 1 mol% (Fig 3.20) The rdahon between relaxation frequency ©r and 
temperature is represented in a plot of log (©/27c) and 1000/T (Fig 3 23) Lmear fit of 


the curve gives the activation energy for the conduction mechanism For all the samples except 
the 1 75 and 9 mole% samples, the data fall on a single line For the 1 75 mole% samples, two 
hnes are obtained (discussed in further section 3 2 3 1) For the 9 mole% samples also, two lines 
are obtained but one has a positive slope This sample was very thin and cracked and this may be 
the reason of anomaly 'fhe values for the other samples are more or less comparable to the 
activation energy from log (oT) vs 1000/T (Fig 3 17) The values of activation energy for bulk 
are compared with those obtained from modulus spectra in the Table 3 4 
Table 3.4 Comparison of values of AH„ obtained from two different methods 


Mol % of 
GdaO, 

An„ (bulk) 

(eV) 

AHc, (from 

modulus) 

(eV) 

Phases present 

25 

0 72 

0 678 

m + t 

4 

0 93 

0 89 

t 

5 

0 93 

0.99 

t 

8 

1 01 

1 

1 04 

c 

11 

0.88 

0 97 

c 


It IS seen that with increasing temperature at a fixed composition, the height of the relaxation 
peak increases Also with increasing GdaOa content at any particular temperature the peak height 
generally increases. The peak height values are tabulated for differait mol% Gd 203 in Table 3 5 
at 533K 
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Table 3.5 Relaxation peaks for differmt niole% of Gadolinia 


Mole % of Gadolmia 

Height of Relaxation 
Peak 

25 

8 2267X10-" units 

4 

9 671 XIO'^" units 

5 

20 384X10-^ units 

8 

62272X10-^110118 

11 

11968X 10-^ units 


The vanation of relaxation time (tr = 27t/<BR) with composition is tabulated in 
Table 3 6 at 533K. 


Table 3.6 Variation of Relaxation time wifli different niole% of Gadolinia 


Mole % of Gadolinia 

Log (®r/ 27 c) (Hz) 

tR(sec) 

' 25 

4 548 

2 83 xlO'* 

4 ’ 

4 886 

1 3 xlO'"’ 

5 

_ 5 048 

8 95x10^ 


5 2037 

6 256x10-° 

iT'"" ™“'”” 

_ 

295x10® 


It IS s^ that wi* mae^mg mol% of Gd 203 , relaxation turn deaeases and is 
minimum for the high(»t conducting comqiosition m the table 


3.2 3 1 MULTIPEAKS FOR MODUL U S PLOTS OF 1 75 AND 9 MOL% Gd^Qg 
DOPED ZrCb 

The values of activation enthalpies obtam by curve fitting the two sets of 
relaxation frequeray agamst inverse of tenqierature are tabulated m table 
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Table 3.7 Values of AH^for 1.75 and 9 niole% obtained from Modulus Spectra 


~ Mol % of 

Gadolmia 

AH„(bulk) 

(eV) 

AHct (from 

modulus) 

(eV) 

I 75 

0 60 

0 36 

0 68 

- 9 

0 72 


0 84 


For the 9 mol% sample up to 3 1 1 ®C, the two Lorentzian peaks can be fitted to the M” vs 
logf curve (Fig 3 22) Beyond this temperature the curve is slightly asymmetric but only one 
peak can be fitted For 1 75 mol% up to 424"C, 2 peaks can be fitted (Fig 3 21) 

Modulus plots for doped zirconia show a single relaxation peak as seen m the case 
reported by A Pimenov et al This peak is due to the conductivity relaxation associated with 
lomc diffiision Another type of relaxation i e dielectric relaxation is seen due to the dipole 
reonentation This occurs at a lower frequency than iomc relaxation As discussed by V 
Provenzano et al for NaaO-SiOa glasses, asymmetnc curves (for M” vs logf) are seen which 
are broader on both the sides of the maxima than would be expected for a single conductivity 
mechanism Such modulus plots can be resolved into 2 curves both with log- Gaussian 
distnbution of relaxation times. Two relaxation times corresponding to the peaks are obtained 
Whether dipole reorientation and ionic relaxation both may have been occurrmg for 1 75 mol 
% and 9 mol% gadolinia is to be finther investigated 
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3.2.4 CALCULATION OF CARRIER CONCENTRATION 

For all the compositions the earner concentration (N) is calculated at any 
particular temperature using the equation 2 15 in section 2 3 5 3 So, N can be 
expressed as 

N = (6crDc/q^d^Y) (kT/coR) (3 5) 

The values of aoc and (Or can be tabulated around 603K for different inol% of GdaOs 
m table 3 8 


Table 3.8 Various parameters for different mole% of gadobnia around 603K 


Temperature (K) 

Mol% of GdjO, 

©r(KHz) 

odc (f^cm)’’^ 

606 

25 

169 107 

r93X10-^ 

606 

4 

196 590 

4 8Xlff® 

603 

5 

323 799 

2 28X10-^ 

597 

8 

301 304 

1 33 XIO'^ 

597 

11 

520 152 

5 34X10'^ 


For each case, n is calculated putting the values of k, q, a 
N = [6x1 38xlO"^\Tx0Dcl/[a)Rx(O 35)x(0 516xlO’’)V2xl 6xx0'*^)^] 
here q 2x1 6x1 0"*’ Coulombs for the oxygen vacancies 
The values of N are tabulated m table 3 9 against composition 


Table 3.9 Variation of Hsrith conqposition at 603K 


Mol% Of GdaOi 

N (env^) 

T 

2.5 

4' 


606 

12 8X10^‘ 

606 

5 

3 6X10^‘ 

603 

8 

2 29X10^^ 

597 

11 

5 32X10^‘ 

597 
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The corner concentrstion is seen to decrease from 2 5 mole% to 4 molej and then 
decrease upto 8 moIe% and again increase at 1 1 mole% No monotonic dependence is 
found to by other investigators (Table 1 The numbers are however m 

agreement with the values found in literature The effective earner concentration is in 
the range of 1 0^' 


3.2.5 MIGRATION ENTHALPY 

Using the equation 2 8 in section m 2 3 5 1 

log[(RiK'COs6/Z)-l ] = nlogf - nlogfp (3 6) 

values of n and fp are calculated from the plot of log[(RDccos0/Z)-l] vs logf Then 
logfp IS plotted against temperature (Fig 3 24) AH™ is calculated from the slope of the 
linear fit according to fr» equation 

^ - fpoexp(-AH JkT) (3 7) 

where fp<, pre-exponential constant 

The values of AH« obtained fiar composition are tabulated against composition m 
table 3 10 


82 



lable 3.10 Values of AH™, AH* and (AHm-AHj) for different moIeVo of Gd 203 


Mol% of GdaO, 

AH™ (eV) 

AHofeV) 

(AH<,-AH™) (eV) 

1 75 

04 

0 6001 

+0 20 

25 

0 72 

0 72 

0 

4 

1 09 

0 93 

-0 16 

5 

1 08 

0 92 

-0 16 

8 

1 08 

1 01 

-0 07 

9 

0 71 

0 72 

+0 01 

11 

0 98 

0 89 

i 

-0 09 


For most of the cases, AHm is higher than AHo So assoaation of ions and vacancies 
are not expected here as we are getting negative values of AHa ( AEJa =AHa-AH„,) 

Only 1 75 and 9 mol% samples show association enthalpy values of 0 25eV and 
0 01 eV These values do not conform to the AHa values as reported J Luo et al for 
Y 2 O 3 doped ZrCb*’^ *A possible explanation could be close relaxation jfrequencies for 
gram and gram boundary arcs As reported by J Luo et al a significant difference 
m relaxation time helped to estimate the migration aithalpy withm the grams Also 
suggested ly A Pimenov et al that the firequency range of apphcability of the 
dielectnc rtsponse is very small due to the influence of gram boundary relaxation and 
does not allow a rehable determination of the parameters n and fp also the values of 
AH,„ and AH<, are quite similar this mdicates that no significant association of clusters 
has takm place 
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3.2.6 JONSCHER’S CONSTANT IN CONDUCTIVITY EQUATION 

As discussed in section 14 1 the values of n are calculated by the three 
different methods 

1) By curve fitting the AC conductivity data in the valid frequency range, n is 
calculated from the slope to the linear fit to the ln(cjAc/nDC"l) vs ln(frequency) Fig 
3 25 shows the values of n and fp at the 585K. At a particular con^osiUon generally 
the value of n increases and fp decreases with decreasing temperature The values of n 
are seen to vaiy between 0 6 and 0 85 The values of n are tabulated for 1 75 mol% at 
different temperatures in table 3 ] 1 


Table 3.1.1 Variation of n and fp witti temperature for 1.7S moIe% 


Temperature (°C) 

n 

^(KHz) 

279 

0 74 

1 50 

300 

0 71 

1 74 

316 

0 67 

1 89 

332 

0 69 

3 06 

347 

0 66 

3 48 

363 

064 

4 01 

378 

064 

5 32 

393 

0 63 

5 69 

408 

0 63 

7 06 


At arty particular temperature the value of n is seen to increase generally with dopant 
concentration (Table 3. 12) 
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Table 3.12 Variation of n widi conqiosition around 333“C 


Temperature (®C) 

Mol% of Gd 203 

n 

332 

175 

0 68833 

333 

25 

0 69735 

333 

4 

0 76347 

“ 327 

11 

0 88759 


2) Another set of values for n is obtained from the depression angle cp 



All the Cole-Cole plots show depressed semicircles The depression angle <p is 
given as tp = sm‘^(b/c) (3 8) 

where b = ordinate of the center (negative) and c = radius of the semicircle 
Now, n = I “2^1/11, where cp is in radians 
. . n = l-2(p/l80 when (p is in degrees 

The values are mainly seen to vary between 0 8 and 1 The depression angle therefore 

vanes between 1 0“ and 1 5“ occasionally as low as 4” 

From both tho methods it is seen that the values of n obtamed from the 
calculahons based on the depression angles is slightly higher than those from 
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X ’’ — (cyAC“ODc)/coeo 
and X” = aDc(ci)"-VO 


X” = CD"-' 

logX” (n-1) (3 9) 

Figs (3 26) shows the curve plotted for logx’Vs log (frequency) at different 
compositions and at different temperatures From the peak heights dielectnc losses are 
calculated The values are tabulated for different compositions in table 3.14 


Table 3.14 Dielectric losses at different compositions 


Mole% of Gadolima 

Dielectnc Loss 

1 75 

Around 63 1 

25 

Peak heights are varying, few around 71 

4 

Mostly around 50 

5 

Not similar average peak height is 39 8 

8 

Around 25 

9 

Few peaks around 63, rest not developed 

11 

Very overlapping with average peak height of 8 9 


The dielectric loss is seen to decrease with increasing mole% of Gd 203 except at 9 
mole%. It is seen from Fig . 3,26 that the plot is not amenable to analysis for 
obtaining n. For the analysis, plots such as that obtained by J Luo et al ^'^^Fig 
1.20) should be available. Hence the analysis was not performed 
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3.2.7 RELATIONSHIP OF AC CONDUCTIVITY WITH 
FREQUENCY 


AC conductivity oac is plotted against frequen(y (IBb to 10 MHz) m the log- 
log scale (3 27) The nature of the plots is largely the same as shown by A Pimenov 
et al and J Luo et al 

Startmg from the higher mol% GdaOs sanqiles, for 11 mol% GdaOs dispersion 
step due to gram boundary relaxation is seen from 240“C The relaxation frequency is 
seen to increase with tenperature The relaxation frequency vanes m the range of 316 
Hz to 10 KHz betweOTi 327°C to 430°C A power law mcrease in conductivity is seen 
at higher frequencies and frequency independent plateau of DC conductivity at lower 
frequencies is noticed At higher temperatures starting from 368°C the gram boundary 
effects modify the plateau and two frequency mdependent plateaus, one for the gram 
(higher frequency) and the other for the gram boundary (lower frequency) relaxation 
is seen At still higher frequency, the power law mcrease m conductivity is seen 

Similar nature is seem for 8 mol% sanqile, the dispersion step is between IKHz 
to 3 2 KHz, startmg from 324°C The power law mcrease m conductivity and the 
plateau for DC conduchvily is also seen 2 plateaus are seen prommfflitfy from around 
362“C 

For 9 mol% plots the nature is more or less similar to 11 and 8 mol% samples 
But the plateaus are not promment and at temperatures around 262". 311“ and 322"C 
the behavior is somewhat differoit 

The nature of the plot is somewhat similar for 5 mol% samples but here the 
dispersion step is quite pronnneiit and die plateau at Ingher temperature is not so 

TiierdaMtwn frequencies he in the range ofSOOtoaborielOOOHz 



For 4 niol% sait^les also the plateaus for DC conductivity and power law 
increase in AC conductivity is seen Here also the plateau at higher frequency is not 
veiy prominent 

For 2 5 nK)l% also similar nature is seen i e plateau at higher frequency and 
higher temperature is nearly absent At lower frequencies beyond the plateau for DC 
conductivity power law increase in AC conductivity is seen The relaxation 
frequencies vaned between 300 to 1000 Hz At higher temperature the plots are very 
overlappmg 

For the lowest mol% studied i e 1 75 mol% the plateaus at lower frequency 
are quite prominent and the plateaus at hi^er frequency are missing 

The absence of plateaus at higher frequenaes and decrease in prominence of 
the dispersion step may be overlappmg nature of gram and gram boundary 
contributions From the Cole-Cole plot it can be seen that with decreasmg gadolmia 
content it is more difiScuIt to distmguish the two semicircles 

3.2.8 VARIATION OF REAL PART OF PERMITTIVITY WITH 
FREQUENCY 

e’ IS plotted against flequency in the log-log scale (3 28) At all the 
compositions it is seen that the disporaion step due to gram boundaiy relaxation shifts 

to a highw frequancy with mcreasmg temperature 

For 1 1 mol% the dispersion step is seen to mcrease with to shift to a higher 
frequaticy with mcreasmg ten^ieratiBre Similar nature is seen for 9 mol A except at 
35ZX. For 8 inol% a strong dispersion step is seen starting from 29rc A small 
plateau for gram boundaiy relaxation is seen at e’ ~ 3162 startmg from around 324“C 



At a lower frequency, an increase in g’ is seen may be due to the blocking effect of the 
space charge near the electrodes on the AC conductivity Nature of 5 mol% is similar 
to 8 mol% but plateau for gram is seen only at SSOT The plots between 330“C to 
416‘’C showed some sharp changes at lower frequencies and mcreasmg at stifl lower 
frequencies For the 4 mol% sample, the dispersion step is seen for all temperature 
and the plateau for dielectnc permittivity is seen at g’ ~ 3162 2 at higW temperature 
startmg from around 318T due to gram boundary relaxation At a still lower 
frequency there is an increase ms’ due to elecfrode polarization 2 5 mol% gadolinia 
showed a similar nature with 2 dispersions around the plateau of s’ ~ 2500 due to 
gram boundary relaxation The plot of 1 75 mol% is somewhat smoother with small 
and gradual dispersion due to the gram boundary relaxation Decrease m steepness of 
dispersion step may be due to the overlappmg semicircles for gram and grain 
boundary effects The plateau is also not so promment The second dispersion step 
due to the blockmg charge is also seen The dispersion step for gram boundary 
relaxation is more clearly studied for logs’ vs logf plots than for logOAc vs logf plots 
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Fig.3.8 Cole-Cole plot for 1.75 mol% Gadollnia doped Samples 

from 279°to 424'’C 
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Fig, 3.9 Cole-Cole Plot for 2.5 mol% GdjOj doped Zr02 bulk samples at 

temperatures 

(a) 309®C (b) 333"C (c) 348®C (d) 364“C (e) 379"C and (f) 396"C 
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Fig. 3.10 
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Fig 3.t0. Cole-Cole plots for ^ 
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Fig 3.11. Cole-Cole plot for 5 mole % gadolinia doped zirconia at 
teB.per.tare. (.) 294”C (b) 2«5"C (c) 30rc (d) 3J0"C (.) 356"C (1) 374"C 
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Fig 3.12. Cole-Cole plots for 8 mole % gadolinia doped zlrconia bulk samples at 
temperatures (a) 236"C (b) 261“C (c) 279“C(d) 291“C (e) 324“C (I) 345“C (g) 

362“C (h) 377“C and (i) 396'*C 
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Fig 3.13. Cole-Cole plot, for 9 mole % gadolinto doped rirconia bulk samples at 
temperatures (a) 201 (b) 230®C (c) 241 C (d) 202 C 
(e) 294"C (f) 311“C (g) Sai'C 
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Fig 3.14. Cole-Cole plot of llmole % gadolinia doped zirconia bulk samples at 
temperatures (a) 217^ (b) 240 «C (c) 261 “C (d) 282 “C (e) 312 “C (f) 327 “C (g) 348 “C 


(h) 368 “C (i) 388 "C and (j) 408 "C 
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Fig.3.15 Variation of grain and grain boundary conductivity with ^ 
temperature at different compositions in the gadolinia-zirconia system 
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Fig. 3.19 Plots showing lorentzian fit of the imaginary part of modulus vs logarithm 
of frequency for (a) 2.5 (b) 4 (c) 5 (d) 8 (e) 9 and (f) 11 mole% gadoh'nia doped 

zirconia bulk samples . 
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Fig. 3.20 Plots showing sigmoidal fit of the real part of modulus vs logarithm of 
frequency for (a) 2.5 (b) 4 (c) 5 (d) 8 4i^=^nd # 11 mole% gadolinia doped zirconia 

bulk samples 110 
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Fig. 3.23 Arhennius Plots showing activation enthalpy for conduction from modulus 
plots for (a) 1.7.5 (b)2.5 (c) 4 (d) 5 (e) 8 (f) 9 and (g) 11 mole% gadolinia doped 

zirconia bulk samples 












Fig. 3.24 Arhennius Plots showing activation enthalpy for migration for (a) 2.5 (b) 4 (c) 5 
(d) 8 (e) 9 and (f) 11 mole% gadolinia doped zirconia bulk samples 
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Fig. 3.2 S Plots for curve fitting the Almond And West Equation to obtain the values 
of Jonscher’s constant (n) and hopping frequency (fp) for GdjOs content of (a) 1.75 
niole% at 300"C(b) 2.5 mole% at 309®C (c) 4 mole% at 308®C (d) 5 mole% at 307“C 
(d) 8 mole% at 291"C(e) 9 mole% at 311 and (f) 11 mole% at 312 “C 
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SUMMAHY AMP 

CONCVUSIONS 


As mentioned m chapter 1, one of the motivations for studying the electneal 
conductivity of ZrOa-GdaOj ceramics was the possibility of higher conductivity in this 
ceramics as compared to ZrOa-YaOs ceramics because of the lower lomc size of Gd^"^ 
However the results sIkiw that the conductivity and the activation enthalpy for Zr02- 
GdzOa system are not different from the values for ZrOa-YaOs ceramics The mam 
conclusions of this work are as follows. 

1) The Cole-Cole plots for ZrOa-GdaOa aUoys at temperatures > SSO^C consist of 
two semicircles due to gram (high frequency) and grain boundary (low frequency) 
conduction and an arc due to electrode polarization 

2) The DC conductivity for both the grain and the grain boundary is seen to increase 
with tenqierature at all the compositions 4 mole% shows the highest conductivity 
at most of th® tranperatures. Around 585 K, except 4 moIe% GdiOs gram 
conductivity of the rest of the compositions are nearly the same The gram 
boundary conductivity at this temperature is smrilar (arouiKi 0.6x10 (Qcm) for 
all the compositions except 2 5 mole% which shows a higher conductivity 
(l.SxlO"^ ((Qcm)'*). If the data were to be extr^lated to higho* temp^ature, the 
8 mole% Gd 203 sample would have shown the 
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3) The activation enthalpies for conduction increase from 0 58 eV to 1 01 eV as the 
Gd203 content increases from 1 75 to 8 mole% GdzOa The activation enthalpies 
for all the compositions other than 1 75 and 2 5 mole% are nearly ~1 eV for gram 
and gram boundary conductivity which is again similar to observations m ZrOz- 
Y2O3 system. The 9 and 1 1 mole% samples show the lower activation enthalpies 
compared to 8 mole% The reason could be that the 9 mole% is the lowest 
composition at which smgle cubic phase is seen Analysis of the data shows that 
the activation enthalpies for conduction and migration are nearly the same This 
shows that no significant formation of vacancy clusters m this system like Zr02- 
Y2O3 

4) To the modulus plots M’ vs log of frequency and M” vs log of frequency, 
sigmoidal and lorentzian curve fit is done From the plot of log of relaxation 
frequency vs inverse of temperature, activation enthalpies for gram conduction are 
found. Values of determined by this method are nearly the same with those 
determined from the Cole-Cole plot except for 9 and 1 75 mole% At all 
compositions excepting 9 and 1 75 mole% a single relaxation mechanism is seen to 
be operating. At 1.75 mole% two thermally activated relaxation frequencies are 
seen. It may be attributed to conducttvity relaxation due to lomc diffiision as well 
as dipole reonentation, which is stiU to be investigated The relaxation time is seen 
to decrease with composition and the relaxation peak is generally seen to mcrease 
with composition at any temperature 

5) The carter eoaeertrahon N of the order of lO^'/c o whoh is m good agreentent 

No correlation is seen between 128 


with the data for ZrOa- Y2O3 ceramics 



N and composition of the Zr 02 -Gd 203 system. 

6) The values of Jonscher’s constant (n) and hoppuig frequency (Q are found out by 
curve fitting to the universal dielectric response (UDR) relationship From the log 
of fp vs inverse temperature, the activation enthalpies for migration are calculated 
The values of AHm and AHag are found to be nearly same. It indicates association 
of vacancy clusters is not significant m Zr 02 -Gd 203 system The value of n is seen 
to decrease with temperature and fp increases with temperature at a particular 
composition. The value of n vanes between 0 6 and 0 85. On the other hand using 
the relationship between n and the depression angle in the Cole-Cole plot the 
values vaiy in the range of 0 8 to 1 Thus the AC curve fittmg values are slightly 
lower than those from depression angle techmque This is because the semicucle m 
the Cole-Cole plot is not exactly a semicircle 

From the dielectric loss technique the values of conductivity could not be 
calculated as no frequency range showing hnear trend for any composition was 
found. The dielectric loss peak is generally seen to decrease with increasing mole% 
of GdjOs. 

7) For all the compositions in the ctac vs logarithm of frequency plot, a plateau due to 
the frequency independent DC conductivity and a power law mcrease m the AC 
conductivity is seen. A dispersion step is seen due to the gram boundary relaxation 
in the curve The step is more promment at higher mole% of Gd 203 and becomes 
less significant at lower GdaOs concentration due to the overlappmg nature of grain 
and the gram boundary semicircles. 

8) Simrlar dispersion steps are seen m s’ vs logf plots Here the steps are 
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mo»t) piyiainoiu loi giaiii uuUiidaiy leia^auca man ctac plots At lower 


frequencies e’ is seen to increase due to me blocking ejSect of space charge 
near the electrodes 
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APPENDIX 


Use of Origin Software for Impedance Analysis 

Ongm 5 0 IS used for plotting curves using raw data available from Impedance Analyzer 

1 e z(Impedance), 0 (phase shift) and f (frequency) 

Double click Ongm 5 0 icon Worksheet with two columns appears 

I Cole-Cole Plot 

Click on “Add New Columns” Enter f, z, 0 m these three columns 

(i) Convert 0 to radians and enter in column D Click “ Set Column Values” Enter 
the formula col(D) = (col(D)*pi/l 80) 

(ii) Similarly put in column E values of zcos0 and in column F zsin0 
ColE = col(B) *cos (col(D)) and col(F) = col(B) *sin (col(D)) 

(ill) To plot click Plot icon Then click “Scatter” A new window titled “ Select 

Columns For Plottmg" appears Set col(E) as X and col(F) as Y click “O K ” 

(iv) Plot of zsin0 vs zcos 0 appears on a new graph wmdow 

(v) Click on the abscissa or the ordinate to modify the range of x and y values 
Gndlines can be added and other formatting can be done 

(vi) Click on “X axis title” A new screen named “Text Control” appears on the 
screen zcos0 can be put as name of the axis 

(vii) Repeat for Y axis 

(viii) Two semicircles are fitted to the data, one at a higher frequency for gram 

contribution and the other at the lower frequency part for the gram boundary 


contnbution 



(ix) To start with the semicircular fitting, click on “Analysis”, and then click on 
“Non-Linear Curve Fit” In the new window that appears, click on “Ongin Basic 
Functions” in the category section and then click on “semi_circle” Then click on 
“Start Fitting” 

(x) Enter values for parameters a, b and c Approximate values of abscissa, ordinate 
of the center and the radius are entered respectively according to the equation 
(x-a)^ +(y-b)^ =■ Click on iterations At a minimum value of click on 
“Done” 

(xi) Semicircular fit is done on one part of the data and the results appear on the 
graph window Similarly another semicircle can be fitted The b values should be 
always negative as the semicircles are depressed ones The resistances are 
calculated as R = c x 2 Q 

(xii) Column names in the datasheet can be changed by double clicking it 

II Arrhenius Plots 

At all the temperatures R is calculated for both gram and the grain boundary 

semicircles Then conductivity is obtained using equation (135) 

1 In a new project, values of a and T are entered Then log (ctT) and T are entered m 
new columns Then scattered curve of log (aT) vs I/T is plotted 

2 Click on the Linear Fit to fit a straight line to the data 

3 A straight line is fitted to the data The result shows a straight line equation 

y = A + Bx, where A gives the value of the pre-exponential factor and B gives the 
value of activation enthalpy for conduction (AHa) * 



IV Migration Enthalpy Plot 


Using the Alroond-West equation (1 34), AHm is calculated 

1 ln(R*cos0/2-l) is calculated and entered ln(cFayadc-l) or ln(R*cos0/z-l) is plotted 
against Inf Scattered plot is obtained 

2 Linear fit is done to the data The slope of the straight line gives the value of n or 
Jonscher’s constant The intercept gives the value of nlnfp, the hopping frequency 
IS calculated from it 

V Modulus Spectroscopy Plots 

Real and imaginary parts of modulus are plotted against logf (M’ = zsinOCo and 

M” = zcos0Co where Co = So x A/L, Sq being the permittivity of the free space ) 

1 Values of M’ and M” are calculated and entered in the columns of worksheet 
Sigmoidal fit from non-linearfit is done to M’ vs Inf and Lorentzian fit is done to the 
M” vs Inf curve 

2 The frequency at which peak values are seen is the relaxation frequency fr a plot of 
logfr vs 1/T is plotted Slope of the straight line gives the value of activation enthalpy 
for conduction for grain using the modulus spectra 

VI AC Conductivity and Permittivity Plots 

cac (cos0/z *L/A) is plotted against logf for all temperatures 

Real part of permittivity s’ (sin0/zcos0/zcoCo) is plotted against logf for all the 

temperatures 

If there are different plots at different temperatures m one project as in the 





cases of conductivity and peimittivity vs log^ then these plots can be combined to a 
single plot Click on Edit menu and then click on “Merge All Graph Windows” Then 
single graph window containing plots at different temperatures is plotted 
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